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IVOREWORD

This report contains the proceedings of the Seventh International Cryocooler

Coaference, held in Santa Fe, New Mexico, on 17-19 November, 1992. Jirl L. Ludwigsen

of Nichols Research was the confer( ice chairperson; Capt William Wyche and Marko

Stoyanof of Phillips Laboratory served as the program committee chairmen.

The first cryocooler conference held in 1980 was designed to stimulate interest and

discussion in the scientific and engineering community about the latest developments and

advances in refrigeration for cryogenic sensors and electronic systems. The conference is

held every even numbered year and this year over 300 participants attended representing

11 countries.

The technical program consisted of over 100 unrestricted oral and poster presentations.

The topics included Cryocooler Testing and Modeling, Space and Long Life

Applications, Stirling Cryocoolers, Pulse Tube Refrigerators, Novel Concepts and

Component Development, Low Temperature Regenerator Development, and J-T and

Absorption Coolers. The proceedings show significant progress in the field of cryocooler

technology.
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SUBMILLIMETER SPACE ASTRONOMY
WITHOUT LIQUID HELIUM ?

C. Hagmann and P. L. Richards

Department of Physics and Space Sciences Laboratory,
University of California, Berkeley CA 94720

Abstract

In this paper we will discuss adiabatic demagnetization refrigerators
(ADR's) with reservoir temperatures of 4 to 8 K, which can be used with
mechanical cryocoolers. Very successful mirniature ADR's have been
previously developed for producing temperatures down to 100 mK starting
from superfluid helium temperatures. These refrigerators are used for
cooling bolometric infrared and x-ray detectors. An ADR can be made to
operate satisfactorily from a 4 to 8 K reservoir if it uses two paramagnetic
working substances with a single magnet. In a single refrigeration cycle, the
ADR maint3ins a temperature of 100 mK for 10 to 80 hours. This time
depends strongly on the magnetic field B and reservoir temperature T, but
not on the volume of the working substance, as long as the heat leak is
dominated by the suspension of the cold stage.

Introduction

Direct detectors used for broad band low background space astronomy
require operating temperatures which depend on the wavelength. Stressed
Ge:Ga photon detectors at a wavelength of 200 pnm require a temperature of
1.5 K for best performance, while composite bolomete', at millimeter
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wavelengths require temperatures as low as 100 mK. By contrast niobium SIS
quasiparticle heterodyne mixers to do narrowband molecular line

spectroscopy can be operated at temperatures up to 4.5 K. It can be scientifically
very important to have both kinds of detector on one space mission. It is
generally assumed that the heterodyne mixers are compatible with
mechanical cryocoolers, but that the direct detectors require superfluid liquid

helium.

An ADR [1,21 operating at 100 mK has been developed to provide long
wavelength bolometric bands for NASA's Space Infrared Telescope Facility
(SIRTF) and is currently being used for a balloon measurement of the cosmic
microwave background (MAX) [3]. A similar system [41 is under development
for cooling x-ray micro-calorimeters on NASA's Advanced X-ray Astrophysics
Facility (AXAF). Both ADR's require a superfluid 4He bath in order to reduce
the heat flow from the high temperature reservoir into the paramagnetic
material to an acceptable level. The purpose of this paper is to describe a way
in which space ADR technology can be extended so that it is compatible with
higher reservoir temperatures. An ADR such as the one designed for SIRTF
can be modified by adding an intermediate temperature stage using a second
magnetic working substance to intercept the heat leak from the high
temperature reservoir to the lowest temperature region. Thermal guards of
this type, usually called guard salt pills, have occasionally been used in
laboratory magnetic refrigerators for producing milliKelvin temperatures

i5,6].

Construction

The basic building blocks of the 2-stage ADR are a superconducting
magnet, a mechanical heat switch and two thermally isolated magnetic
materials. The two stages are simultaneouslv magnetized while in contact
with the high temperalure reservoir and then adiabatically demagnetized
until the second stage reaches T=100 inK. This refrigeration cycle which can
last ý 0.5 hour is then followed by a feedback regulation mode lasting many
hours in which the magnet current is slowly reduced in response to the
external heat leak in order to maintain a temperature of 100 mK A schematic
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diagram of a particular compact version of the ADR is shown in Figure 1.
Both stages are suspended in the magnet bore by Kevlar chords. Thermal
intercepts from the guard stage are attached to the Kevlar chords midway
between the 100 mK stage and the high temperature reservoir. The basic
building blocks of this system are a straightforward extension of the single
stage SIRTF design [1,21. The heat leak into the 100 mK stage in regulation
mode is dominated by the parasitic leak through the suspension. In the SIRTF
ADR (see Table 1), the heat leak through the Kevlar suspension is about

0.25 iLW with a reservoir temperature of 1.6 K. The resonance frequency of the
ADR is proportional to (AE/mL)1/ 2 , where E is the elastic modulus of Kevlar,

A and L its cross-sectional area and length respectively and m is the mass of
the 100 mK stage. The hold time t of the ADR at its operating temperature is
t=AQ/P, where AQ is the heat which the ADR can pump and P is the heat
leak. Since AQ is proportional to the mass of the paramagnetic material and P

is proportional to A/L, the hold time is independent of ADR size for a fixed
resonance frequency [7].

During magnetization, heat must be extracted from the paramagnetic
material. Several types of heat switches are possible: a superconducting heat
switch [8), a gas gap heat switch [9] or a mechanical heat switch [10].
Superconducting heat switches are generally used only below I K, because of
the reiatively large parasitic heat leak at higher temperatures. The gas gap
heat switch has also a finite heat leak in the 'off' state and a failure mode
associated with gas leakage. We have had very good success with a

mechanical switch. It has no parasitic heat leak in the 'off' state and is very
reliable. Figure 2 shows the switch which was developed for SIRTF, but with
modified jaws to allow simultaneous thermal contact between the reservoir
and both stages. The SIRTF switch has passed a room temperature shake test,

where it was subjected to the vibration spectrum expected during a rocket
launch. It has also been cycled more than 9000 times while held continuously
at T= 4 K without loss in thermal conductance. The switch is activated by
passing current through the superconducting coil. The yoke is pulled into the
magnet and forces the two jaws together thus clamping the two cold fingers

extending from the ADR. The thermal conductance of the SIRTF switch at
T= 4 K is approximately 15 mW/K at 100 mA of current.
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Paramagnetic Materials
We propose to use gadolinium-gallium-garnet (Gd 3GasO 12 ) in the guard

stage. GGG is an attractive magnetic coolant in the liquid helium temperature

range. It is nearly magnetically isotropic with g - 2 [11] and angular

momentum J=7/2 and has a Gd ion density of 1.27x1022 cm- 3. It orders

magnetically near T= 1 K resulting in the large zero field heat capacity (shown

in Figure 3), which makes GGG an effective thermal buffer at this

temperature. GGG has a density of 7.1 g cm- 3 and a thermal conductivity of

0.1 W/cm-K at 4 K [12], comparable to that of OFHC copper. This facilitates the

extraction of heat during magnetization. Thermal contact to GGG can easily
be made by gluing copper strips to the crystal surface. Garnets have the

additional advantage of being chemically and thermally stable. Rod shaped
single crystals of GGG are commerically available.

The material of the second stage is hydrated paramagnetic salt chrome-

cesium-alum (CCA), which has the chemical formula CsCr (SO 4)2 -12 H20.

CCA has a density of 2.1 g cm-3 and is magnetically similar to chrome-

potassium-alum (CPA) but dehydrates at higher temperatures. Thermal

stability at elevated temperatures is important for satellite applications.

Obtaining a thermal vacuum in the cryostat typically requires baking at

temperatures approaching 30°C for periods of up to 2 weeks [13]. The

magnetic ions Cr 3 ÷ (J=3/2, g=2) in this salt have a density of 2.1x1021 cm- 3 . The

quadruplet is split by the crystal electric field into two doublets separated by an

energy of 0.19 K [14] and the remaining degeneracy is lifted due to magnetic

dipole-dipole interactions at temperatures near 20 mK. The thermal

conductivity of CCA is much lower than of GGG. Good contact is made in the

SIRTF ADR by growing the crystals directly on a skeleton of gold wires from
an aqueous solution.

Performance

We have calculated the hold time of the ADR shown in Figure 1 as a

function of magnetic field and reservoir temperature with the results shown
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in Figure 3. The weight and suspension parameters were adopted from the
SIRTF ADR and are listed in Table 1. The complete CCA salt pill including
0.1 moles of CCA, gold wires, copper rod and stainless steel can weighs 100 g
and an additional 100 g is estimated for the weight of the bolometer stage. The
mass of the GGG stage is assumed to be dominated by the garnet and fixed at
200 g corresponding to 0.2 moles of GGG. The entropy reduction in GGG
during magnetization was calculated from published data [11,151. For CCA,
the entropy was calculated using the Brillouin function for an ideal
paramagnet plus the lattice entropy [16]. Fol!owing demagnetization to
100 mK, the residual field is of order 100 mT and the entropy data from [11]
are used to calculate the GGG temperature. The heat leak into the GGG is the
combination of the flow through its own suspension and through the
thermal intercepts on the CCA suspension. The attachment point of the
intercepts is fixed to be midway between the CCA pill and the bath which is
close to optimum for maximum hold time. The warm-up iate of the GGG is
calculated using the zero field heat capacity data from Figure 4, which is
justified for the small residual field strength. The heat leak P into the 100 mK
stage is determined by the GGG temperature. The hold time at T= 100 mK is
given by t = 0.1 AS / P, where AS = S(B=0T,T=0.1K)-S(B,Treseroir) is the
available entropy of the CCA pill at 100 mK. In an actual refrigerator, AS will
be further reduced by the entropy lost in cooling the various parts of the
100 mK stage. For the assumptions given above this will reduce the available
entropy by 10-20 % for B/T = 1 T/K. The zero field entropy was taken from the
entropy curve for CPA [171. As can be seen in Figure 4, hold times of 24 hours
or longer with reservoir temperatures around 4 K are achievable for a modest
field of 4 Tesla. It would be possible to increase the hold time at 100 mK by
increasing the mass of GGG. This will asymptotically approach the limiting
case when the heat flow into the GGG is entirely through its own suspension.
An increase of order 50 % in hold time would be achievable by increasing the
amount of GGG by a factor of 3. A limited amount of cooling at - 1K is
available directly from the GGG. This can be used, if appropriate, to cool
stressed (or unstressed) Ge:Ga photoconductors. Assuming G=15 mW/K from
the SIRTF heat switch, the time constant for isothermal magnetization is
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limited by the heat capacity of GGG to C/G=15 min. The duty cycle of the ADR

at 100 mK for these parameters can thus be more than 95 %.
Because of the large heat capacity of GGG and the small thermal

conductance of the Kevlar suspension, the time constant will be more than

10 days. Therefore, the small temperature fluctuations in the high
temperature reservoir associated with mechanical coolers are not critical to

the performance of the ADR. The thermal loading from the ADR on the high
temperature reservoir will be dominated by the magnet leads. This can be
much reduced by use of superconducting wire up to some intermediate
temperature stage. Nb 3 Sn wire can be used to T= 12 K and it is hoped that the
new YBa 2 Cu 307 materials will be used up to T= 50 K.

Conclusion

The two-stage ADR presented here will be useful for producing

temperatures near 100 mK in several situations. Future space astronomy

missions employing mechanical coolers can use it for cooling submillimeter

or x-ray detectors. It will also be useful for cooling submillimeter direct
detectors at mountain top observatories where mechanical refrigerators are
used. Finally it would permit a bal' _)n launch of detectors at 100 mK without

the need for pumped liquid helium during the launch..

Acknowledgements

This work was supported by NASA grants NAGW-2121 and NAGW-2864,

and by the Center for Particle Astrophysics through NSF cooperative

agreement AST 9120005.

References

[1] P.T. Timbie, G.M. Bernstein, and P.L. Richards, Cryogenics 30, 271 (1990).
[2] C. Hagmann et al (to be published).

600



PL-CP--93-1001

[31 M.L. Fischer, D.C. Alsop, E.S. Cheng, A.C. Clapp, D.A. Cottingham, , J.0.

Gundersen, T.C. Koch, E. Kreysa, P.R. Meinhold, A.E. Lange, P.M. Lubin, F.L.

Richards, and G.F. Smoot, Ap.j. 388, 242 (1992); D.C. Alsop, E.S. Cheng, A.C.

Clapp, D.A. Cottingham, M.L. Fischer, J.0. Gundersen, E. Kreysa, A.E. Lange,

P.M. Lubin, P.R. Meinhold, P.L. Richards and G.F. Smoot, ibid. 395, 317 (1992).

[4] A. Serlemitsos, B. Warner, S. Castles, S. Breon, M. SanSebastian and T.

Hait, Adv. Cryog. Eng. 35, 1431 (1990); A. Serlemitsos, M. SanSebastian and E.

Kunes, ibid., 37, 899 (1992) A. Serlemitsos, M. SanSebastian and E. Kunes,

Cryogenics, 32, 117 (1992).

[5] K.W. Mess, J. Lubbers, L. Nielsen and W.J. Huiskamp, Physica 41, 260

(1969).

[61 O.E. Vilches and J.C. Wheatley, Rev. Sci. Instrum. 37, 819 (1966).

[7] R.D. Britt and P.L. Richards, Intl. J. jR and Millimeter Waves 2, 1083 (1981).

[8) V.P. Peshkov and A. Parshin, Soy. Phys. JETP 21, 258 (1965).

[9] J.P. Torre and G. Chanin, Rev. Sci. Instrum. 55, 213 (1984).

[10] J.D. Siegwarth, Cryogenics 16, 73 (1976).

[111 R.A. Fisber, G.E. Brodale, E.W. Hornung and W.F. Giauque, 1. Chem.

Phys., 59, 4652 (1973); E.W. Hornung, R.A. Fisher, G.E. Brodale and W.F.

Giauque, J. Chem. Phys., 61, 282 (1974); G.E. Brodale, E.W. Hornung, R.A.

Fisher and W.F. Giauque, 1. Chem. Phys., 62, 4041 (1975).

[12] G.A. Slack and D.W. Oliver, Phys. Rev. B4, 592 (1971); B. Daudin, R.

Lagnier and B. Salce, ]. Magn. Magn. Mat. 27, 315 (1982).

[13] S.M. Volz and M.G. Ryschkewitsch, Superfluid Helium Heat Transfer Vol

134 (Eds. J.P. Kelly and W.J. Schneider), 23 (Seattle 1990).

[14] B. Bleaitey, Ptoc. Roy. Soc. A204, 203 (1950).

[15] J.A. Barclay and W.A. Steyert, Cryogenics 22, 73 (1982).

[16] D.G. Kapadnis, Physica 22, 159 (1956).
[17] O.E. Vilches and J.C. Wheatley, Phys. Rev. 148, 509 (1966).

601



PL-CP--93-1001

Table 1: Mass and suspension parameter of the SIRTF ADR.

CCA amount, 0.1 moles

mass of 100 mK stage 200 g

resonance frequency 200 Hz

Kevlar cross section 10-3 cm 2

total A/L of suspepsion 5×10-3 cm

suspension heal leak 0.25 .tW

reservoir temperature 1.6 K

100 mK stage

\/i -

Figil" Schematic diagram of 2-stage AIDR with CCA salt pill (a), GGG cry'stalI

(b), st.,perconducting magnet (c), magnetic shield (d), Kev'lar suspension (e), I

and thermal inte~cepts (f).
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b

Fig.2: Mechanical heat switch with superconducting coil (a), ferromagnetic

yoke (b), gold plated copper jaws (c), flex pivots (d), cold fingers (e) and

restoring spring (f). The flex pivot corrects for small misalignments of the

cold fingers extending from the two stages.

-80

60E

-~40

20 B6~i~ B=9T

4 5 6 7 8

Reservoir Temperature (K)

F~g.3: ADR hold time at T=100 mK as a function of magnetic field and

reservoir ternp-erature with 0.2 mole of GGG and 0.1 mole of CCA. The

entropy lost in culxing the variou's components of the 100 mK stage i5 not

included. The parasitic heat leak is assumed o;-,,, due t&! the Keviar

suspensions. A/L= 0.005 cm for both suspensions.
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0.8

0.6

0.4

0.2

I I

02 3 4

T (K)

Fig.4: Specific heat of GGG per mole of Gd 3- in zero magnetic field. From [11].
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RECENT PROGRESS ON APPLICATION OF 1IIGil ENTROPY MAGNIETIC
MATEIR I A, TO THE RE' GEIN RATOR IN 1E1 LI UM TEMPERATURE RANGE

Takasu IHashimoto. Tatsuji Eda, and Masanori Iabuki
Department of Applied Physics
Tokyo Institute of Technology
Oh - okayarna, Megu ro, Tokyo, Japan

Toru Kuriyama and Ilideki Nakagome
Energy Science and Technology Laboratory
Toshiba Research and Deceloprnent Center

Ukishima, Kaasak1. Japan

I N'[ROD U CT I ON

Recently, application of the magnetic materials to the

regenerator material in the small power regenerative re-

frigerators have attracted many cryocooler investigator' s

attentions, and several groups' -': in Japan have been able

to reach to 3 K range and to obtain the refrigeration capac-

i ty of 0.5 Watt at 4.2 K using two stage GM refrigerator, in

which the magnetic regenerator materials are appl ied.

Up to the present, in the most of commercial GM refrigera-

tors Pb particles have been used as a regenerator material.

H[owever, the heat capacity of Pb decreases steeply below

-- 13 K in comparison with the ile-gasand, as the result, Pb

-particles can not p!av a role of a regenerator material in

lie temperature range. Therefore, as far as we use the tPb

particles for regenerator, we can not reach 4.2 K using the

GM refrigerator.

In this temperature range, only a peak of magnetic specific

heat at the magnetic phase transition temperature Tc is com-

parable to the large speci fic heat of gaseous lie. Therefore,

the dbove groups'-` have applie L r 3 N1 particles for ihc

regenerator and could reach belo 4. 2 K .

11oever, in the C'r.Mi corpound. the peak of the magnetic
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s PC c I f i c h c a t a t T 1 s [ ; 5 C; 1 i i , e a - s h (1w I1 i I : ,

because Lr.3Ni has th ItgeIar sc hoItky specifi f heIt ai t thiI'S

tcmpcrature rnitlCge. Therefor-e, as far as c use LrN3 .N e

will not be able to get so large refr ige at ion capac, ty more

than - 500 n .

Previously. as the magnetic regenerator to g I c Ie large

refrigeration capacity. we proposed Ihe lay er str tctural

regenerator 1 - : The purpose in the present paper is to

verify the above proposal. As the first step of this

verification, e w ill coPApare the fac I i tN of the two kinds

regenerators; One i s the rege, c erato v those material I s only

ErNi particIe. Another is t 1 lavercd regenerator ohose

regenerator mater ials are rc L r3 i iigh temperature side) a nd

Ere , Ybo Ni ( loA teii perature side . The latter is t he

special model of the layer str tctuial regenerator.

( n t h . ha s , o f i hc abo e ie -, I t s. e d sc u s s a g a in t lie

developing way of the magnetic regenera tor in future.

EXPERIMENTS AND RESULTS

In the present investigation we c. ,. mp, red the reirigeration

character isty of thr , kinds of regenerators i n hich three

kinds of regenera tor materials. Pb. ErNi and Fre - Yb0 I Ni -

Er.;Ni are used, respectively. Specific heats of those

materials are shown in Fig. I. ,p to th1e present, Pb has

been used as regenerator material- Recently EirNi is

popularly used as the nc i gneti c t ereglc rator t ater-Ial and,

however, refrigeratior, caLpacity is very s itIl I 3300ih W at 4.2

K as far as using [r,.i. N I h r a:- o:-i,,i for the - a 1 I )o*cr

suppose that specific i i; at of Lr 1i below 10 K i , Vcr-r

small. Pre s ntly, we hat e fur, d new c agnete c r mteri al

L r 0 . Yb I Ni1 7 itic has at Iti ie peac ) o.a k 0 f s ec Ific hteaUt at

S8 K. T h1 c 1. Al 1 ii.I cL az j t(C IL cojpaic the

r e ge erat ivii .e 'a.: I ers of F, Ni end i, Y P i. 1.1 •Ni.
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1 • 1

"Er° 9Ybo 1Ni
E I

0<.5
-%

I /

7Pb

10 20

Temperature (K)

Figure Tihe specif ic heat of tihe several materialss

Fri . V . Ni Fn ni an Pb p, iQ, d na t h

regenerator aaterials i1l the present experiment.

(i) Computer simulation

Thc first experi m ent is computer simulation, and w e estimate

regenerator efficiencies of the three types of regenerators.

In the numerica; irethoid. e used the foIlo ing e quatiotns Is

a governing equations. These equation ; are c ome fro o: the

energg conservation 1 u and equation of continuity.

(Il I hA,,_l. (T•-l{) (I2

ni,

', tenperI tu1c of guts

T q teipeaure of regenerator ia t r ix

II c 1nthaa 1 I" of gas

II t n 1 ia I py u f I a t ! x

o0o7
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A hheat transfer ar-a C ;1,'r t:n1 t lCnP Lth . .

M n• a s , (of r geng r at L ;-r 1'o r r I X

1, rregenerator length

m :mass flow rate of the gas

:heat cycle period

t : feduced tIme (t, z )

x :reduced length of the regenerator(x/L)

I e a

Thle regenerator efficiency' is defined as entha~py efficiency

( zz ) as follows.

A ti rea l
,r = -(3)

,. Ii ideal

In the sijulation we assumed the folIowing three kinds of

regenerators: The regenerator A is filled %ith only Pb

part ic es. The B type rcc nerata jr "s used only Er 3 -i

particles and the C type regenerator is constructed to

layered-type {Er Ni 50 % (hot side.) and Ere. 9 Yb0 . INi 50 %

(cold side)). The computer simulation result of the

regenerator efficienci es in those three kinds of regenerator

are sho n in Fig. 2 (B). The layered- type regenerator

(C type) has a higher regeer, t c ot r efficiency at blow 10 K

than the B type regenerator, used only Er 3 INi particle, as

shown in Fig. 2 (C).

Ta)Ie I The kind and *eights of the regenerator mater ialI

in the three kind of experiments ( I , II and Wl ).

Exip ri -cnt Regenerator IHe ene raI.tor a LeII ia, I gr olue

I A IPb 644g 100%

II B 1 L r) Si 542g IC''\

Er,hi (high tero .-) 256E 50%
S..... ......................... •.................L ................

I~ : 9 l o : 2 5 i & 0l t e- --.p.) "•50
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11Pe~err-rolc Ht EnO "1c- End

-- Is t SI0O 
i • ' 

C

S2rd Reger• Oitr Hot End Coid E14'

-2nd Stoge

Compresso-

1 .00 r-- , ,- -- , ,

Ero.9 Ybo.1 Ni+Er 3Ni

o 0.98
. Er 3Ni

u 0 .9 6 . A--
/

C 0.94- /

/ PH=20atm

0.92-/ PL= 8atm0.2 TH=30K
m=2g/sec

0.90 10 12
Cold End Temperature (K)

Figure 2 (A) Schematic figure of the fi rst(high temperature

side) and the second(low temperature side)

regenerator in the GM(Gifford-McMahon)

refrigerator.

(B) The usual type regenerator in which only the Pb

(regenerator A) or the Er3,\1 particles

(regenerator B) are housed.

The structure of the magnetic regenerator

raaterial in the regenerator C.

(C) hcfrigeration efficiencie'; vs. cold end

teirperature in the regenerator A, IB and C.
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The refrigeration capacity against the refrigeration

temperature is sho in in Fig. 3, and %e cani find that

the layered type (C type) regenerator has the largest

refrigeration capacity.

Speed : 36rpm N
" 6-•-o-A Pb

"-- B Er 3 Ni
. '-C Er 0 .9 Yb0.1 Ni+Er 3N .'

0,• / ,

cu 4-

,/ /0 f /' I

S~/

. 2- /S/
a) /

4 6 8 10

2nd Stage Temperature (K)

Figure 3 Refrigeration capacities vs. 2nd stage temperature

in the regenerator A,B and C.

(ii) Expreimental results

In order to confirm the results obtained from the computer

simulation, we performed the experimental investigation of

the refrigeration capacity. In the experiment. we have also

used three kinds of regenerators similar to the models in

the computer simulation.

In Fig. 4 the refrigeration capacity at 4.2 K are shown as

the functionof 1st stage temperature, and it is made clear

that the layered type (C type) regeneŽrator has a larger

refrigeration capacity than that of the only Er 3 Ni case

(B type). The temperaturc span of the refrigeration cycle

in the C-type ( layered- type) regenerator is larger than that

in the B-type s1mi , arly to the case of the refrigeration

cap a c i t y.
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S0.8- B Er 3 Ni
"",-O •:C Ero0 9 Ybo0  Ni

G, " C .. +Er 3Ni

0O6-

S0.4 -

06

"76 0.2- Reciprocating Speed

-c:2• t 36rpm,0 -

2040 60

1 st Stage Temperature (K)

Figure 4 Refrigeration capacity of the regenerator B([ErNi

only) and C(lay.ered type) as the function of 1st

stage temperature.

A B C r; E
(B)

B EraNi

.A, C _Ero yb INiIi i r

[ •" g , •',,' : . +EI'34
Ea 10

ab d

Hot End Cold End
Position

Figure 5 The temperature gradient measurement in the

regenera tor.

( S) Schemnatic figure of the regenerator structure

in the present experimevts.

(1) The experimental ie,,ults of temperature

gradient in the regenerator lo (full line) and C

the dotted I ne).

611



PL-CP--93-1001
In order to (:btaic the ilnforImati•,n for irrproveme-nt of

refrigerationl capac ty. we measured the inside temperature

distribut ion in the regenerator shown in l'ig. 5(A). ttowever,

the exper imental results of temperature gradient in the

regenerator were obtained as shows in Fig. 5(B) and we could

not find conspicuous change between the Er 3 Ni only and

Er0 gYb0 •Ni -- ErNi case. Therefore, from this experiment

we can not get any information for the improvement of the

characteristics in the magnetic regenerator.

CON C I. US 1I ON

From the experimental results it has been made clear that

the GMt refrigerator equipped with the two-layered magnetic

regenerator has the superior refrigeration capaci ties in

comparison with that with the regenerator including in onlb

Lne magnetic material, such as Er,.Ni. From comparison

between: the specific hiedls of thiu~e ,u~lez idls in the iu•

temperature range:, it may be concluded that the refriger-

ation character depends largely on, the specific heat of

regenerator materials in lie temperature range. h~owever, at

present, the precise regenerative mechanism of the magnetic

regenerator, such as the correlation between the regener-

ative characteristics and specific heat of regenerator

materials, the correlation between the temperature gradient

in the regenerator and the specific heat of the magnetic

materials etc., has not been made clear qualitatively.
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THE EFFECTS OF A LAYERED BED ON ACTIVE
MAGNETIC REGENERATOR PERFORMANCE

S.R. Schuricht, A.J. DeGregoria, and C.B. Zimm
Astronautics Corporation of America

Astronautics Technology Certer
Madison Wisconsin

Abstract

The effects of using multiple materials in an Active Magnetic Regenerator
(AMR) to increase the operating temperature span are described. A model is described
which will accept any number of materials in varying proportions. The results presented
here are for a two material AMR bed, using material data obtained in house. For a fixed
hot end temperature there is a large decrease in net cooling power when the iow
temperature of an AMR cycle is decreased. This is due to the magnetic material behavior
deviating from that of an ideal magnetic material. The purpose of layering the bed is to
minimize this effect and allow a single bed to operate over a greater temperature span.
This could allow a single bed to replace a multiple stage device thereby reducing capital
and operating costs. This paper compares the performance of a GdNi 2 bed with a layered
bed, consisting of GdNi 2 and an erbium alloy operating between 30-77K and 25-77K.
The results show that the layered bed will have a 5.6% increase in cooling power and a
7.8% increase in efficiency over the GdNi2 bed for the 30-77K span and a 27% increase
in cooling power and 34% increase in efficiency over the GdNi 2 bed for the 25-77K
span.
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Introduction

Based on the facts that an ideal magnetic material has a linear adiabatic temperature curve'
and that an element of magnetic material in an AMR only operates over a narrow temperature span
the motivation of layering several materials together is to approach a linear temperature profile
across the bed. The layering method is chosen because it is eafier, less time consuming and
potentially more effective than trying to alloy several materials together to prod ce a material with
ideal behavior over the entire temperature range of interest.

Conventional single-material AMR beds work best when the hot temperature is close to the
Curie temperature for the material. When the cold temperature is decreased conventional AMRs
experience decreases in cooling power and efficiency. This is due to larger conduction losses, the
lower adiabatic temperature change of the magnetic material, and deviations from ideal behavior of
the material. As the cold temperature is decreased below 40 K, GdNi 2 shows substantial deviation
from ideal behavior.

A layered bed can be employed to advantage in several ways. If the temperature span is to
remain fixed then a layered bed will, with the right choice of materials, yield a higher cooling power
and efficiency over a conventional bed. If the temperature span is changed by lowering the cold
temperature ,then a layered bed will help minimize the losses of the conventional AMR, though
there will still be some reduction in performance. The final advantage i. tht a layered hcd spanning
a large temperature span might be able to replace two conventional beds operating over smaller
temperature spans. This would result in a simpler and less expensive device.

Model

The computer program used for this study is based on the steady state program developed by
DeGregoria 2 with modifications made to allow for the ha idling of multiple materials. The program
will accept any number of materials in any proportions. This paper considers a two material layered
bed with a fixed hot temperature and a varying cold temperature.

The bed model used is shown in figure 1. The AMR bed is filled with two materials, each in
different proportions. In the current case a proprietary erbium alloy is material I and GdNi 2 is 3

material 2. The niaterial percentages are expressed by volume percent but the constant cross

sectional area of the bed allows interpretation as percent of bed length. The adiabatic temperature
profiles for the erbium alloy and GdNi 2 are shown in figure 2. From the profiles it is evident that the
optimum material percentages will occur when the material interface is near the Curie point of the
lower material, near 40K.
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Figure 1. Model of a two material AMR bed
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Figure 2. Adiabatic Temperature change for an erbium alloy and GdNi 2

Results

Figures 3 and 4 show the computed performance and bed temperature profiles for the steady
state simulation. In this paper the helium gas flows are 37 g,/s for the hot and cold periods, at an
average pressure of 20 atm. The bed length is 5 cm and the cross section is 75 cm 2. The particle size
is 0.015 cm and the field change is 7 T.
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Figure 3. Performance plots of cooling power, efficiency and heat rejection for a (a) 30-77K
temperature span and (b) 25-77K temperature span.
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Figure 3 shows the performance results for a 30-77K temperature span and a 25-77K
temperature span using a layered bed of the erbium alloy and GdNi 2. The x-axis is the percentage of
the erbium alloy in the bed starting at the cold end. The case of a conventional bed with one material
(GdNi 2) corresponds to 0% of the erbium alloy. The COP is actually the bed efficiency, operating as
a refrigerator, compared to the Carnot efficiency for the temperature span of interest.

Figure 3a shows the improvements in cooling power, efficiency and heat rejection for a
temperature span of 30-77K. The optimum amounts of the materials is 18% erbium alloy and 82%
GdNi 2. This results in a 5.8% increase in cooling power and a 8.7% increase in efficiency over a
single material AMR bed. The magnitude of the heat rejection decrease is negligible but the trend is
as expected.

Figure 3b shows the results for a temperature span of 25-77K. The optimum amounts of the
materials is 26% erbium alloy and 74% GdNi 2. This results in a 27% increase in cooling power and a
34% increase in efficiency over a single material AMR bed. Again, the magnitude of the heat
rejection decrease is negligible.

Figure 4 shows the temperature profiles across the AMR for the twD temperature spans. From
previous observations, as a magnetic material deviates from ideal behavior the bed temperature
profiles change from linear to a concave downward profile. Therefore, the extent of downward
curvature in the temperature profiles can he used as an indication to how close a material is to being
ideal.

Figure 4a shows the bed temperature profiles for the 30-77K span for a conventional bed and
a layered bed. For the single material bed (GdNi2 ) the profile exhibits downward curvature near the
cold end of the bed. The middle portion of the profile is linear with some upward curvature at the hot
end due to the Curie point of GdNi 2 at 75K. The layered bed consists of 18% erbium alloy and 82%
GdNi 2. The addition of the erbium alloy at the cold end eliminates most of the downward curvature
and the overall profile is approaching an ideal profile.

Figure 4b shows the bed temperature profile for the 25-77K span. For the 100% GdNi 2 bed
the downward curvature is more pronounced at the cold end due to the deviation of GdNi 2 from ideal
behavior. The adiabatic temperature profile for GdNi 2 becomes flat at lower temperatures. The
layered bed consists of 26% of the erbium alloy and 74% GdNi 2. The effect of the erbium alloy is
the production of a more linear profile through the bed, which is responsible for the large increases
in cooling power and efficiency.

Another feature to notice in figure 4 is the temperature at the material interface. In figure 4a
the interface is at x/L = 0. 18. The bed temperature here is near 40K, close to the Cuile point of the
erbium alloy. In figure 4b the interface is at x/L = 0.26. The bed tetmiperature for this case is also near
40K. This confirms the expectations mentioned earlier.
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Figure 4. AMR temperature profiles for (a) 30-77K and (b) 25-77K temperature spans

Conclusion

One tentative conclusion that is drawn from figure 2 is that the adiabatic temperature changes
for the mat,:rials in a layered bed should also follow ideal behavior (a straight line). This agrees with
the data obtained from previous cases. If the adiabatic temperature increases at the Curie points for
the two materials are too close in magnitude then the bed has very- large temperature gradients
appearing upon magnetization and demagnetization. This leads to excessive entropy generation from
the conduction heat transfer in the bed and the AMR performance deteriorates.
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Overall, the results look very promising. Layering the bed is a vcry simple procedure and the
possible improvements in performance are worth further investigation. As mcntioned before, these
results are from a steady state model. A time dependent program is currently being modified to
model a layered bed. The performance improvements will have a smaller magnitude due to the time
constraint on the heat transfer but we still expect them to be significant. The next step should be to
conduct experiments on an AMR with a layered bed.
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1. INTROI)UCTION

This paper features two Stirling cycle cooler developments at British Aerospace
Space Systems (BAe), consisting of a single stage Stirling cycle cooler for the range
50K to 80K and a two stage Stirling cycle cooler for the raipge 20K to 50K. These

coolers are based upon the ,%rell proven technology of the Oxford 80K coolers
developed for ISAMS. This original development was carried out by Oxford
University (OU) and Rutherford Appleton Laboratory (MAL), and later made avail-
able for commercial applications in the form of the BAe 80K cooler. The BAe 80K
800 mwatt cooler resulted from a BAe contract from the European Space Agency

(ESA) to industrialise the ISAMS coolers, thus ensuring its future availability from

industry

The single stage cooler (50K-80K) is a further development of BAe's 80K cooler, for

increased heat lift at lower temperatures and improved operating efficiency. A
proof of concept cooler was manufactured and tested under a contract with

LORAL of the USA, followed by a development model cooler built and tested

under an ESA contract. The results of these activities are reported herein.

The two stage (20K-50K) cooler development has been complcted under an ESA

contract. BAe reviewed the original RAL design and genera ed a suite of manufac-
turing documentation for industrial manufacture. A pre-qualification testing pro-
gramme hias been completed and is reported herein.

Keywords: cooler, cryogenic, Stirling, space.

2. BACKGROUND
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The Stirlf.ig cycle coolers described in this paper originate from the 80K cooler
developed by Oxford University (OU) and Rutherford Appleton Laboratory (RAL),
for use on the Improved Stratospheric and Mesospheric Sounder (ISAMS). (Ref. 1).
ISAMS is part of the Upper Atmosphere Research Satellite (UARS) which was suc-
cessfully launched into space during September 1991. The ISAMS coolers have con-
tinued to operate to specification, despite occasional switch-offs due to other instru-
ment related problems.

This ISAMS 80K cooler was commercialised during 1986/87 at British Aerospace
(BAe) under a European Space Agency (ESA) contract and a Development model

cooler built and tested. Under a later contract (1989/91) from ESA, BAe manufac-
tured an Engineering Model 80K cooler which successfully completed a pre-qualifi-

cation test programme (ref. 2) in 1991. During this period BAe also manufactured
two batches of six 800 mwatt 80K coolers which have been sold to customers in
Japan, Canada, USA and Europe for evaduation purposes. One of these customers
was the Jet Propulsion Laboratory in Pasadena who have completed and reported
an extensive ealuation (ref. 3). During 1992 a third batch of six 80K coolers were
manufactured at BAe, consolidating the design (Oxford Heritage), upon which
these developments are based. Additionally a number of 80K coolers at OU, ESA,

BAe and TRW have been undergoing long term life testiný, (ref. 4).

The 50-80K single stage Stirling cooler development described is a direct derivative
of the BAe 80K cooler. This has been developed during two separate contracts. The
first in 1991 for LORAL (USA) for the Atmospheric Infrared Sounder (AIRS) result-
ed in a proof of concept 50-80K cooler capable of a -eat lift of 750 mwatt at 55K

being developed. The results of this programme are described in section 3, 'Proof of
concept 50-80K cooler'. The second contract in 1991/92 from ESA resulted in the

manufacture at BAe of a Development model cooler capable of significantly more
heat lift than the earlier concept unit. The results of this programme are described
in section 4, 'Development Model 50-80K cooler'.

The tvo stage 20-50K Stirling cycle cooler described is the continuation of a devel-
opment started at RAL in the mid-1980's. RAL recognised the need for even lower

temperatures, and based upon their involvement in the 80K ISAMS cooler develop-
ment took this technology further. A prototype proof of concept cooler was built
and tested at RAL during 1986, (Ref. 5), followed by a DM 20K cooler being manu-

factured and tested at RAL under an ESA contract in 1988. During 1990, ESA
awarded a contract to BAe to cornmercialise this 20-50K cooler, to carry out a

detailed review of design, and then to manufacture an Engineering Model (EM)
and test it to 1're-qualification levels. It is the results of this test programme com-
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pleted early in 1992 that is reported here in section 5, 'Engineering Model 20-50K
two stage cooler'.

Figure 1 shows the development heritage of both the coolers described in this
paper, it summarises the brief history given above.

Figure 2 shows a schematic representation of the single stage cooler, applicable to
80K or 50-80K types, whilst figure 3 shows a schematic of the two stage 20-50K
cooler.
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ISAMS REQUIREMENT
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DEVELOPED BY OU AND RAL
(MID 1980'S) (REF 1)
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(REF. 3)
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50-80K COOLER COOLERS (1991-92)
UNDER AIRS 55K
COOLER CONTRACT
(1991) (SEE
SECTION 3)

BAc MANUFACTURE

DEVELOPMENT
MODEL 50-80K
COOLER UNDER
ESA CONTRACT
(1991-92) (SEE
SECTION 44)

FIGURE 1 - BAe COOI.ERS DEVELOPMENT FAMILY TREE
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3. PROOF OF CONCEPT 50-80K COOLER

A proof of concept development was completed during 1991. This specifically
required 750 mwatt of heat lift at 55K, thus demonstrating that a back to back dual
cooler unit could achieve low induced vibration and a combined heat lift of 1500
mwatt.

The activity was funded under a contract from Loral Infrared and Imaging
Systems, supported also by BAe funding, with the intention of providing a proof of
concept for a cooler to meet the 1, ced Infrared Sounder (AIRS) instrument pri-
mary requirements.

The basic design is adequate Iescribed by the schematic shown in figure 2.
During the initial stages of the development RAL under contract to BAe undertook
an extensive thermodynamic and thermal losses modelling exercise to identify the
optimum cooler geometry This resulted in only minor changes to the existing 80K
cooler design, including, changes to the cold finger geometry both to reduce losses
and to increase heat lift, interconnecting pipework, compressor capacity increased
by using a bigger diameter piston, and a new comrpressor drive motor design. The
Oxford heritage was retained in all the major features, to the extent that a practised
eye is necessary to differentiate between the new 50-80K cooler and the existing
flight qualified 80K cooler design.

Two displacer cold finger sizes were manufactured during this programme. One at
9mm diameter and 15mm longer than the existing 80K type, and another at 10Imm
diameter, that is the same size as the existing 80K cooler. Figure 4 shows a photo-
graph of the completed cooler, note the valve that is still connected to the placer,
allowing the fill pressure to be varied during bench testing.

Bench testing with both types of displacers confirmed an optimum fill pressure of
11.5 bar and 13 bar absolute respectively for the 9mm and lOmm diameter cold fin-
ger configurations. Compressor drive motor efficiency measurements versus oper-
ating frequency tests showed the compressor resonant frequency to be about 55 Hz
for the 10mm displacer cold finger, however with consideration to avoiding inter-
nal cooler resonances, 48.5 Hz was chosen as the operating frequency Therefore the
cooler compressor was run off resonance and was not necessarily optimum. Figure
5 shows the compressor drive motor efficiency plot, and figures 6 and 7 show the
heat lift achieved versus gross compressor input power (includes 12R losses) at cold
tip temperatures of 55K, 65K and 80K for both displacer cold finger configurations
at optimised drive conditions, ie. optimum displacer stroke and phase.
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FIGURE 4 - PHOTOGRAPH OF PROOF OF CONCEPT 50-80K COOLER
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These results demonstrated that this proof of concept cooler was capable of greate,
than 750 mwatt of heat lift at 55K, and significantly more heat lift in the range 50K

to 80K than the existing BAe 80K cooler provides. Heat lift mrargin has been provid-
ed over a wide operating range without detracting from its 'Oxford Heritage'.

Further work is necessary to optimise its performance, particularly with regard to

operating efficiency. These aspects are addressed in the DM 50-80K cooler develop-
ment which is discussed in the following section.

4. DEVELOPMENT MODEL 50-80K COOLER

A development model cooler was manufactured during 1991-92. The specific aims
of this activity was to improve the heat lift performance of the BAe 80K cooler in
the 50-80K range, with particular regard to operating efficiency. The previous proof
of concept activity for a 50-80K cooler (section 3) provided a baseline start for this
development.

Th",e activity was funded under a contract from ESA, supported also by BAe fund-
ing. 1 lie basic design is the same as the previous proof of concept cooler, and is ade-
quately described by the schematic shown in figure 2.

During the first phase of the contract several cooler design options were explored
and a trade-off done to identify the optimum design. RAL were retained as consul-

tants during this phase and completed extensive cooler performance modelling,
and drive motor design modelling in order to assist in the trade-off. The adopted
design changes again resulted in only mirnor changes affecting the 'Oxford
Heritage'. These included displacer cold finger geometry a longer cold finger at
10mm diameter, interconnecting pipework, same compressor capacity as the con-
cept cooler, and significant optimisation of the compressor drive motor. Two differ-

ent magnetic circuit designs were manufactured and evaluated at sub-assembly
stages. The optimum drive motor design was then incorporated into the cooler
build and the test programme started.

Figure 4 of the concept cooler is identical externally in all respects to this DM with
the exception of the longer cold finger at 10mm diameter. (The Concept cooler com-
prised 9mam ionger finger and 10mm standard finger configurations).

The bench testing of the cooler included measuring the compressor drive motor

efficiency at room temperature versus operating frequency at various cooler fill
pressures. These (shown in figure 8) indicate significant efficiency improvements at
lower fill pressures, which is partly due to the effect of reduced pressure reducing

the overall resonant fequency of the compressor. Therefore the frequency range of
40 to 52 Hz tested is closer to resonance at the lower fill pressures.
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Tests were then undertaken to identify the overall optimum fill pressure and fre-
quency operating point for the cooler at 65K (mid-range). This was achieved by
operating at a fixed compressor stroke level and measuring the ratio of input
power/heat lift plotted against operating frequency. This was repeated at several
cooler fill pressures. This identified a fill pressure of 13 bar absolute, operating at 46
Hz was optimum for efficiency, and was therefore selected for all further tests.

A series of performance tests were then undertaken to map the h-at lift/cold tip
temperature/drive power characteristics of the cooler.

Figure 9 shows the heat lift versus the cold tip temperature for a range of constant
gross compressor input power levels (including 12R losses) from 20 watts to 70
watts. Figure 10 shows the heat lift versus gross compressor input power for con-
stant cold tip temperatures of 55, 60, 65 and 80K. These temperature points repre-
sent values of particular interest to known instruments, such as AIRS at 55K,
MIPAS at 60/65K, and HIRDLS at 80K Figure 11 is a plot of cold tip temperature
versus gross compressor input power under zero heat load conditions.
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These results were obtained at a cooler pressure of 13 bar absolute, operating fre-
quency of 46 Hz, compressor heat sink temperature of 20'C, whilst other parame-
ters such as displacer stroke and phasing were optimised for each test point. The
test configuration included laboratory type drive electronics, and a vacuum envi-
ronment provided by using a small thermally insulated vacuum enclosure around
the cold finger. The heat load was applied by passing electrical currents through a
resistive load at the cold tip, and the temperature measured with a RMhodium Iron
temperature sensor. Connections to these were via very thin low conductivity con-
stantan wire; ensuring that the thermal parasitic load was small, typically less than

50 mwatt.

Comparison of these results with the typical performance achievable from the stan-
dard BAe 80K cooler shows a 50% improvement in performance. For 30 watts com-
pressor input power the 80K cooler has a specification of 800 mwatt, whilst the per-
formance achieved here was 1200 mwatt for the same 30 watt input power. When
compared to the concept 50-80K cooler (section 3), significant improvements can be
seen here also, both in operating efficiency and overall heat lift capability.

This cooler has been demonstrated to have significant heat lift over the full operat-
ing range of 50-80K. It can be operated at higher power levels thus providing mar-
gin on heat lift performance, if required in applications with cooler redundancy for
example. Operating at 60 watts the heat lift at 55K was 1090 mwatt, and 80K the
heat lift was 2130 mw.

Its similarity to the existing BAe 80K ISAMS type cooler should ease the pre-flight
qualification necessary, prior to usage in space instruments requiring cooling in the
range 50-80K. 633
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5. ENGINEERING MODEL, 20-50K TWO STAGE COOLER

An Engineering Model 20-50K two stage Stirling cycle cooler was manufactured

during 1996/91, and then completed a pre-qualification test programme during

1991/92. This qualification programme included, flight launch vibration, thermal

vacuum testing, extensive performance characterisation, EMC testing, self-induced
vibration measurements, and long term life testing. It is these tests that are reported

here.

This activity to commercialise the RAL two stage cooler design was completed
under an ESA contract, it was to ensure availability of a qualified industrial cooler

for future space applications. The programme included a detailed review of the

RAI. design followed by the EM cooler manufacture and test programme.

The basic design is adequately described by the schilnatic shown in figure 3. Figure

12 shows a photograph of the cooler built and tested during this programme. The
following sub-sections give the results of the t2st programme.

FIGURE 12 - PHOT(xORAPII OF ENGINEIRL\NG MODEl.

20-50K TWO STAGE STIRLING CYCLE COOLER
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BENCH TESTING Bench testing incduded measuring cooler heat lift versus cold tip

temperature, both before and after vacuum bake-out. Vacuum bake-out consists of
reducing thp pressure internal to the cooler to high-vacuum L ,'els, achieved
through four separate pump-down ports into the four main volumes of the cooler.
This vacuum is held for a minimum of one week at a temperature of 80"C. The
process ensures that any residual moisture or organic materials contained within
the cooler are fully outgassed, and the risk of gas type contaminants being released
within the lifetime of the cooler is eliminated.

Figure 13 shows the heat lift performance of the cooler before and after the vacuum
bake-out. 300mW of heat lift was achieved at 30K before bake-out and 300mW heat
lift at 35K was achieved after bake-out. This performance was achieved for a total
input power to the mechanical cooler of less than 70W.

The post bake-out performance shows a deterioration of about 5K. The causes for
this are understood and the necessary detailed design changes are being incorpo-
rated into the future build standards for this cooler.

38 A =POST BAKE-OUTIPERFORMANCE

NB: Heat Lift at 50K 820mWatt

34

LU

30

Uj 26

- PRE BAKE-OUT PERFORMANCE

0

0 0.1 0-2 0.3 0.4 0.5

HEATER POWER (W)

FIGURE 13 - I tAT LIlT IPERFORMANC_ E OF

E.NGINEIING MODEL. COO' 01'
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Leak test measurements on the final gas sealed cooler confirmed the leak rate to be
better than the specification requirement of I x 10-7 mbar litre/sec.

FLIGHT VIBRATION TESTING Figure 14 shows the 20-50K EM cooler on the
vibration shaker ready for testing. The testing consisted of subjecting the cooler in
turn to both Randtm and sinusoidal sweep vibration along each of its three princi-
pal axes.

Table 1 gives the random and sinusoidal sweep vibration levels tested. It shows
when it was necessary to lock' the moving elements of the cooler to prevent over-
travel and striking of internal end stops. Locking is achieved by powering the drive
motor and holding corLpIc:sqr pistons and displacer regenerator to mid-stroke.
The results show the cooler survived the full random and sinusoidal sweep vibra-
tion in the non-powered (not locked) condition with one exception. Locking was
necessary for the case of sinusoidal vibration along the axis of the moving elements.

Launch locking rejuired power in approximate proportion to the vibration levul
applied, with the compressors requiring 5W maximum each at the 15g peak, whilst
the displacer required 3W maximum at 15g. The onset of the need for launch lock-
ing occurred at lg for the compressors and 3g for the displacers.

Post flight vibration performance te.ting confirmed that no degradation had
occurred to the cooler. The heat lift performance was the same as that demonstrated
earlier in Figure 13. The leak rate was measured and no clegrad, Lion was observed.

}:IGUII: 14 - 20-50K COOLER F111 UF VIBR-ATION TESTING
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Comment on results/vibration axis

Along compressor Perpendicular to plane Perpendicular to first

and displacer of compressors,," two axes

Vibration test jevel drive axis displacers

Random vibration

20-80 Hz at .6dB oct -l
8o-rCo Hz at 0.16 g'Hz The cooler survived the vibration level in the non-powered condition.

500-2C00 Hz at -3dB ctI for all three axes of vibration

Sinusoidal sweep vibration

5-18 Hz at II ms peak Necessary to power Tr, cooler survived the vibration test

18-60 Hz. at lg peak up to compressors in the non-powered condition for both
60-100 Hz at 

6
g peak . and displacers these axes of vibration

(sweep rate <2 oct min ) drive motor for

launch locking.

preventing over

travel of moving

elements. Cooler

survived in this

condi tion

TABLE 1 - FLIGHTi VIBRATICN TEST RESULTS FOR EM 20-50K COOLER

THERtMAL VACUUM TESTING Testing was carried out to confirm the ability of
the cooler to survive temperature extremes without degradation in performance,
and to identify its heat lift performance at other lesser temperature extremes. The
cooler installation being fitted into the thermal vacuum chamber is shown in figure
15. A summary of the test results is given in table 2.

The cooler was mounted in the same fixture that had previously been used for
flight vibration testing, its thermal design being suitable for heat sinking at the
mounting interfaces of the cooler. Thermal blanketing was provided aroumd the
cold finger to minimise any parasitic heat loads. A heater resistor and calibrated
rhodium iron resistance thermometer, connected with low thermal conductivity
constantan wiring were attached to the second stage cold tip for heat Joad and tem-
perature monitoring purposes.

It should be noted that for each test point, the operational parameters of the cooler,
amplitude of stroke, displacer phasing and input powers were optimised. The cool-
er was very sensitive to these changes, much more so than the single stage cooler,
with each test point taking hours to stabilise. This sensitivity may 1bave affected
some tests and the performance achieved may not have been fully optimised.
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The results show an expected degradation in heat lift performance at the elevated
temperatures, with negligible improvements at the lower temperatures. However,
the input power to the compressors at the lower environmental temperatures is sig-

nificantly reduced. Further work will be undertaken at a later date to better under-
stand this characteristic.

FIGURE 15 THERMAL VACUUM TEST INSTALLATION
FOR 20-50K EM COOLER
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Mounting Second Stage Heat Total
Interface Cold Tip Load Compressors
Temperature Temperature (mwatt) input power
(*Cý (K) (wait t)

-45 Survival Test -

-25 25.6 0 54
30.0 125 66
36.6 300 72

-. 24.4 0 58
30.0 140 67
34.2 30v 74

.26 24.1 0 69
30.0 170 82
34.3 300 84

*45 28.6 0 66

30.0 120 80
40.5 300 80

.60 28.7 0 81
30.0 13 80
40.5 300 82

.85 Survival Test -

"TABLE 2 - THERMAL VACUUM TEST RESULTS

FOR THE EM 20-50K COOLER

CHARACTERdSATION TESTING To better understand the performance of the
cooler it was subjected to an extensive series of characterisation tests. The cooler
test configuration was a local vacuum environment around the cold finger provid-
ed by a vacuum jacket, heater resistors and thermometry were provided at the 1st
and 2nd stages of cooling on the cold finger. The tests were carried out in a labora.
tory environment with the interfaces at nominally room temperatures.

A series of tests were taken for a range of second stage (20K) cold tip heat loads (0,
150, 300, 500, 800 and 1400 mwatt). For each of these conditions, the operating para-
meters of compressors stroke and power, displacer stroke and phase, and operating
frequency (nominally 38 Hz), were adjusted to give optimum performance. Each of
these parameters was then varied in turn to quaitify its effect on performance,
these results providcd too vast an amount of data to present here. hi addition, at
each optimised second stage heat lift point, the first stage heat load was varied
(without changing other parameters) from zero to 1000 watt, and the effect on both
stages temperature monitored.
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These results are shown in table 3, and show relative insensitivity of the second
stage performance to heat loads on the first stage. The slight sensitivity seen in the

no load condition for the second stage is believed to be due to a greater sensitivity
to losses of that temperature. It clearly demonstrates a potential for additional heat
shield capability from the first stage, as well as a second stage heat lift capability up

to 1400 mwatt at 80K.

FIRST STAGE COOLING SECOND STAGE COOLING COMPRESSORS
INPUT

- -- I POWER
TEMPERATURE HEAT LOAD TEMPERATURE HEAT LOAD (watts)

(K) (mwatt) (K) (mwatt)

140 0 24 62
182 500 25 0 63.5225 1000 33 64.5

108 0 30 79
141 500 30 150 77.5
182 1000 3. 77.5 -

108 0 35 82
138 500 35ý. 300 84

172 1000 36 86.5

101 0 41.5 82
128 500 42 500 84
159 1000 43 88

104 0 53 84
126 500 53 800 84
154 1000 53.5 86

107 0 80 83
132 500 84 1.400 82
155 1000 84 84

TABLE 3 - RESULTS OF 1st AND 2nd STAGE PERFORIMANCE
CHARACTERISATION TESTS FOR 20-50K EM COOLER

ELECTROMAGNETIC COMPATIBIITY TESTS Electromagnetic compatibility

tests have been completed on the cooler driven by laboratory drive electronics.
Therefore the tests were limited to those compatible with the mechanical cooler
only and not the drive electronics. The tests included the measurement of the struc-

ture current, radiated electric field emissions, radiated magnetic field emissions and
an assessment of the LDC magnetic field.
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The mechanical cooler structure current under normal operating conditions was
measured by commoning together the three earth leads from the major compo-
nents, and measuring the current with a current probe and oscilloscope. The struc-
ture current was less than 1.5 mamp P to P against an assumed requirement of 5
mrnamp P to P.

Figure 16 shows the radiated electric field emissions specification that the cooler
was tested to, it indcludes narrowband and broadband in the range 14 K-lz to 10
GHz. The only area where failure was indicated was a narrow region on the broad-
band measurement just below 30 MHz. Comparison of plots taken at various band-
widths showed it to be in the transitional region between narrowband and broad-
band. This could be considered a marginal failure and the use of laboratoiy drive
electronics which was unavoidable could also have been contributory

I II i
H : I I 111 i i i lll l l

.I il il
i I' I Mil l , I I , H i ! I

Hi i4o 4-l

il I I Ii I I.

1110ii I iH i I'iiilil

iMi 1iii l i ii ii

• l~ll~lT .I !i! M il 1" Ill Igll I •, il
" a I I 1 .4• l ' 1a 1 iSt I1i .•"" M

"NOW.-1 A"

FIGURE 16 - BROADBAND AND NARROWBAND
RADIATED EMISSION REQUIREMENT
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The radiated magnetic field emissions recjiirement was to MIL STD 461B part 3
(April 1980). The results were generally satisActory, with the specification being
marginally exceeded at around 100 Hz.

The DC magnetic field was measured at a maximum of 1 x 10-4 Tesla at 28 cm dis-
tance from the compressor. The DC magnetic field associated with the displacer
was 20% of the values measured for the compressors.
SELF INDUCED VIBRATION One of the major concerns for potential users of
mechanical coolers is the level of vibration generated and its effect upon the host
instrument. Vibration from these coolers is inherent in the design, with the piston
and regenerator moving masses generating vibration forces. BAe are currently
developing a low vibration drive system for a range of coolers from 4K through to
80K, and this would be suitable for this 20-50K cooler. The purpose of this work
was to demonstrate sufficient similarity in the forces generated in the 20-50K cooler
to those in the 80K cooler, which is the baseline cooler for the electronics develop-

ment.

The vibration characteristics meaurcd ' Gerc. -;,n to be similar to those of the 80K
cooler, and that similar vibration suppression techniques could be employed here
also. Ref (3) details the techniques employed for the 80K cooler, and confirms com-
pressor forces ot 0.22N, and displacer forces of 0.044N can be achieved for flight
applications.

LONG TERM LIFE TESTS Following completion of the test programme and before
commencement of life testing the cooler performance was measured to confirm
that no degradation in performance had occurred. There was no degradation in
heat lift performance or the leakage rate of the cooler.

The cooler was then put onto life test, operating at optimum settings in room ambi-
ent conditions, with local vacuum achieved around the cold finger by using a vacu-
um jacket.

An operating life of 11 months has been achieved with no degradation in perfor-
mance up to 4th November 1992, with 3 months of this period achieved in a cold
finger horizontal orientation. It is intended to continue this life test for a minimum
period of 5 years.
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6. DISCUSSION

Development of a cooler capable of operating over the range 50 to 80K has been
completed to a development model standard. Heat lift performance has been
demonstrated, and the further work that is necessary is to complete a pre-qualifica-
tion programme demonstrating fully its suitability for space instrument applica-
tions. The 'Oxford Heritage' of the BAe 80K cooler has been retained in this
improved cooler.

A pre-qualification programme has been completed on a two stage Stirling cycle
cooler for the temperature range 20-50K, verifying its suitability and availability for
future space instrument applications.
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STIRLING CRYOCOOLER WITH DUAL OPPOSED
DISPLACERS FOR SPACE APPLICATIONS

P. ARTER, D.BERRY, W.GULLY, AND C.VARNER
BALL AEROSPACE GROUP, PO BOX 1062

BOULDER, CO 80306

INTRODUCTION

In an effort to make a low vibration Stirling cryocooler with a

minimum of electronic compensation, we experimented with a novel

configuration that used dual opposed displacers. We report here on

the vibration and thermal characteristics of this cryocooler, and

discuss other aspects that arose as we considered integrating it

into specific applic-tions.

BACKGROM.T

Modern space instrumentation often requires cryogenic temperatures

for optimum performance. Liquid and solid cryogens have met this

need in the past, but the desire for longer missions has led to

the development of various miniature cryocoolers to fill this

role. These cryocoolers must be robust, reliable, efficient, and

quiet if they are to become acceptable alternatives. A number ot

papers (1,2,3) describe the detailed requirements for these

coolers.

Linear Stirling cycle mechanical coolers have become popular

because of the relatively simple motion of thei. moving parts and

the ability of these parts to operate without rubbing ty using
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"Oxford" type diaphragm springs. In the simplest form of these

cryocoolers the output vibration primarily comes from the

compressor, which has a heavier armature than the displacer. This

force can be balanced out by running compressors in opposition, as

either separate units under electronic control or as an integrated

unit where the compressors share a common compression space. In

our cooler, an output force of 60N on one side can be ba'anced to

better than 0.25N with d icozid counpiessoz in opposition.

We now focus on the displacer, which is more difficult to deal

with because it is intimately connected to the sensitive equipment

being cooled. Our displacer, if unbalanced, would produce 4N of

vibration at the fundamental and up to 0.5N at the harmonic fre-

quencies. Our choices were to use counterweights with varying

degree of electronic ccompensation, displacers of separate coolers

electronically slaved in opposition, or dual opposed displacers

that were parts of a single cooler. In this paper we describe our

efforts to use two displacers operating from the same compressor

in opposition to cancel vibration.

LINEAR COOLER WITH DUAL DISPLACERS

A schematic of our cryocooler is shown in Figure 1. We employ an

integrated twin compressor with a common gas space to got the max-

imum natural cancellation of the opposed pistons. We employ two

displacers mounted "face to face" on a block representing the vac-

uum structure that would house the load to be refrigerated. The

displacers do not share a common pressure wave because of the flow

impedance of the intervening transfer lines, but they do share a

common pressure source. This configuration leads to balanced

vibration to the exLent that the regenerators are identical. Non-

linear forces due to the pneumatic forces on the shaft seals anrc
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Regenerators •Displacer 1

•@, Transfer

Compressor, Lines

One

Gas Block
Space

Compressor /Vacuum and
Two Access

•-ShaftDiaphragm 1Sa2
Springs Se6

Disolacer 2

RAF31968A3880]005

Figure 1. Schematic of the Ball linear Stirling
cryocooler with dual displacers

across the regenerator screens would balance, as would non-linear-

itics in the motor since the displacers would require identical

operating currents. Subtleties in the spring forces due to axial

non-linearities should also be reproduced. The displacers are

identical to within standard machine tolerances. The moving masses

were within 1 gram of each other without adjustment, and x±ignment

rings assured that the moving components are co-axial to within 50

micrometers.
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VIBRATION TEST

In this section we will describe the test configuration, drive

electronics, and the vibration results. To record vibration we

used a piezoelectric vibration head capable of simultaneous mea-

surement of force along three axes. The sensor is in the form of a

right circular cylinder approximately 8 cm in diameter. To perform

this test we had to separate the displacer from the compressor and

mount it alone on the transducer head, with the compressor mounted

separately alongside. Both components were mounted in simple

frames and oriented vertically. The compressor was coupled to the

displacer through a 3.2mm Od. transfer line about 25cm in length.

Output signals from the sensor were fed through charge preampli-

fiers into a dynamic signal analyzer which displayed the vibration

spectra.

For this specific test we drove the compressors with identical

sinusoidal voltage waveforms. We did not attempt to minimize the

compressor's vibration since it was off the transducer, although

this resulted in some unwanted background in the displacer vibra-

tion data. We drove the displacers with sinusoidal input signals
that were the reference inputs into analog position control loops.

These loops had relatively modest (5x) open loop gains and a low

frequency range. They were primarily used to control the center of

oscillation and the amolitude of the displacer motion, and did

little to suppress the vibration at harmonics of the operating

frequency.

In Figures 2a and 2b we show the results for axial and lateral

vibration with the displacers stationary and the compressors oper-

ating at full amplitude. These results should be zero except for

coupling of compressor vibration in through the transfer line.
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Figure 2 (a and b) Vibrations measured at the displacers
with only the compressors runn-rig
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Vibration at the first few harmonics is low, but above 150 Hz, we

see broadband vibration and some narrowband vibration (indicated

by the carats) in excess o. 232mdN (0.051bf) peak force. Much of

this background is associated with the relatively simple fixturing

for this measurement. The result for one dispiacer operating is

shown in Figures 3a and 3b. We notice immediately the increased

vibration output at all harmonic frequencies in the axial direc-

tion, and at the fundamental frequency in the lateral direction.

In this test the single displacer was at approximately 60K, while

the other was at room temperature. The vibration for dual displac-

ers is shown in Figures 4a and 4b.

T'he axial results are summarized in Figure 5. The vibiation is

reduced by a factor of 25 at the fundamental, and at least by a

factor of two at the higher harmonics. In some cases the vibration

lies below that of the background, which evidently shifted as a

result of the changing load of the displacers. The lateral results

are shown in Figure 6, which shows that in this instance the

opposed displacer has helped to reduce a lateral vibration at the

fundamental, but has had no impact at higher frequencies. We

conclude that the vibration in a system of dual displacers is sig-

nificantly reduced at the fundamental operating frequency, is

somewhat reduced at the lower harmonics, but at the higher harmon-

ics the benefit of dual displacers has disappeared.

SYSTEM CONSIDERATIONS

The therma± performance for the cryocooler is shown in Figure 7

for both ambient and elevated temperatures. The heat load applied

is the sum for both displacers, while a temperature is reported

for each independent displacer. The mean performanice ccrresponds

to approximately 30W of total compressor input p...... , pi> watt cf
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Figure 7. Thermal performances of dual displacers

heat lift at 80K for room temperature ambient conditions, similar

to more conventional coolers of this type (4) . However, we feel

that the performance of two "half size" displacers must be some-

what less than a s-ingle full siz displacer because of redundant

transfer lines and duplicate conduction loads. We note that the

performance of one displacer seems worse, but comment that on

other occasions the displacers have behaved identically or even

reversed roles. This difference could cause slight differences 1n

dynamic behavior, but would disappear when the displacers were

lashed together ont.o a comrron load.
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We now turn to the long term control of vibration. we have seen

that dual displacers do compensate for changes in pneumatics that

coula cause output vibration, such as during cooldown or during

changes in ambient temperature. However, the long term reliability

involves the resilience of the system to internal gaseous contami-

nation. We go to great lengths to keep the contamination low in

our cryocoolers. But if we allow the possibility of contaminants

to accrue over the ten-year lifetime, they would tend to condense

in the regenerators somewhere. The displacers would remain in bal-

ance if they happned to share the contamination equally. But

obviously there is no way to control this, so we must assume that

either displacer could be affected. we could be in a situation

where the response of both components changed significantly and

became difficult to control..

There were othte cuncens that arose during a consderation Off the

integration of dual displacers in a system. An obvious one is the

limiting of access to the load to right angles to the line through

the displacers. Another is the need for flexible links to the

load, since the coldtips will contract in opposite directions as

they cool, which piobably means a separate support structure for

the load. Another corcern is that the integration of the displacer

set is difficult because the displacers cannot be independently

brought down on axial vacuum seals after the transfer lines are

connected. Either one would have to interface to the mounting

block as shown in Figure 1, or transfer lines would have to be

connected after the displaers were installed in the bulkhead.

Finally, one is using a relatively complex device as a counter-

weight. A great deal of effort goes into sustaining the tight

clearances around the cantilevered displacer b,2cause of cryogeinic

consideratiors. These clearances must be maintained atter Iaunch

vibration, and over time.
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In applications where two independent coldtips are useful, for

example, our results show that dual displacers do run easily from

a single compressor and do compensate reasonably well. But for

applications where the goal is simply to attain extremely high

vibration cancellation, dual opposed displacers introduce a number

of complications that have to be weighed against the modest degree

of balance obtained.
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DEVELOPMENT AND SPACE QUALIFICATION TESTING
OF A RANGE OF MECHANICAL CRYOCOOLERS

C WEIR BSc (Hons) AMIMechE
LUCAS AEROSPACE LIMITED

ENGINE AND ELECTRONIC SYSTEMS DIVISION
BIRMINGHAM

UNITED KINGDOM

7TH INTERNATIONAL CRYOCOOLER CONFERENCE
18 NOVEMBER 1992

SANTA FE, NEW MEXICO

1.0 ABSTRACT

Lucas Aerospace and Lockheed Missiles and Space Company have been jointly

developing mechanical space cryocoolers since 1988 and are now well

advanced with the development and space qualification of a number of

systems. This paper describes the various cryocooler configurations under

development plus their current performance results. Additionally a brief

resume of the Space Qualification Test Programme will be presented covering

topics such as launch vibration, magnetic moment tests, exported vibration and

life tests.
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2.0 BACKGROUND

An outline of cryocooler development is presented in Fig. 2.1. Initial work

was directed towards the avionics market aimed at military infra red detectors.

The Phase I study concluded that the reverse split-Stirling cycle machine

offered the best prospect for success. A number of cryocooler prototypes

were built and tested using concepts supplied by Dr Gordon Davey and Dr

Anna Orlowska of Oxford University. With further development, enhanced

reliability and excellent performance for a 7mm diameter cold finger displacer

were achieved.

Phase 2 was instigated by the signing of an agreement with Lockheed to jointly

develop a range of low vibration, long life mechanical cryocoolers for pace

applications. Between 1988 and 1990 both companies carried out a series of

performance and vibration tests using existing Lucas cryocoolers.

Furthermore a series of pre-space design sub-assembly tests tackled

outgassing, helium leakage and other important space related issues. Two

thermodynamic models and a suspension spring model were generated and

verified.

The third and current phase saw the introduction of the CCS 1000 and 500

series space application cryocooler, which incorporated all the tried and tested

design features of the previous phase's coolers. The Lockheed electronic

controller was further modified to employ a hybrid analogue/digital controller.

Active balancers and different configurations have since been developed.
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Fig. 2.1 PROJECT HISTORY

PHASE I INITIAL DEVELOPMENTS (1978 - 1988)

0 THERMO CYCLE/DESIGN EVALUATIONS - SPLIT REVERSE

STIRLING CYCLE OXFORD COOLER CHOSEN

* INITIAL DEVELOPMENTS ON AVIONIC COOLERS

* DRs GORDON DAVEY AND ANNA ORLOWSKA CONSULTING

PHASE 2 PRE-SPACE PROGRAMME (1988 - 1990)

0 JOINT DEVELOPMENTS WITH LOCKHEED

- LUCAS CRYOCOOLER AUTIIORn Y

- LOCKHEED CONTROLLER AUTHORITY

* PERFORMANCE/VIBRATION TESTS USING AVIONIC COOLERS

* SPACE SUB-ASSY. TESTS AND MODEL GENERATION

- OUTGASSING OF MATERIALS

- IMPROVED He SEALING

- THERMO, DYNAMIC, SPRING MODELS ETC.

* BREAD BOARD CONTROLLER ETC.

* DEVELOPMENT OF INTERFACES - THERMAL BRAIDS, THERMAL

SWITCHES ETC.

PHASE 3 SPACE CRYOCOOLER AND QUALIFCATION

PROGRAMME (1990 - )

"* PERFORMANCE TESTS ON DIFFERENT COOLER CONFIGURATIONS

"* SPACE QUALIFICATION ON FLIGHT SYSTEMS

"* FLIGHT ELECTRONICS

"* ACCELERATED TESTS ON CANDIDATE COMPONENTS

"* ADDITIONAL STRUCTURAL/DYNAMIC/THERMAL MODELS

"* DEDICATED SPACE CRYOCOOLER BUILD FACILITY

658



PL-CP--93-1001

3.0 Configuration and Performance

3.1 Basic Dcsign

The principle features of a Lucas-Lockheed cryocooler system are shown in

Fig. 3.1. The compressor piston provides the expansion-compression pressure

cycle and the regenerator displaces a constant volume of gas cyclically through

the heat exchanger.

Both compressor and displacer feature:-

* linear drive motors

* high radiallaxial stiffness ratio springs

(enabling operation in all orientations in a 1g environment)

* capacitative transducer position sensors

* non-contacting clearances which seal the working Helium gas from the

motor casings.

Fig 3.1: Cryogenic Cooling System

Compressor Displacer
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TAGTPLT LINEAR MOTOR TA•r RGET PLATEK
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PO.WER 11iPUT -Y- .
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3.2 Configurations

A summary of the Lucas cryocooler configurations is given in Fig. 3.2. All

benefit from exported vibration cancellation by either:-

* back-to-back models, or

0 active balancers.

The role of the active balancer is purely to cancel exported vibration and does

not contribute to the thermal cooling capacity.

Fig 3.2: Configuration Options & Performance

Single Cold Finger Dual Cold Rnger
Configurdaorn Configurations

GAL I W A"hC

Bedanced dpressoqdiSplaer Common Conipessio Space Back-ta-bac rnmodels
etrKA provikde a ooling range of mode• s provide a oooling range of pnwlde a'cooling range of

O.5 o 1.5 W at 65 K 1 to 2-5 W at 65 K 1 to3Wat65K
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3.3 Performance

The configurations described in 3.2 are derived from the space base(

technology units of which there are two sizes. The model CCS 500 was

originally designed to lift 0.5W at 65K whereas CCS 1000 was 1.0W at 65K.

From Fig. 3.3 and 3.4 experimental results show that these performance goals

were met with a margin.

Predictions generated by the Lucas Stirling cooler thermodynamic model

(CMOD) shows close agreement with these results.

Fig 3.3: CCS 1000 Performance
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Fig 3.4: CCS 500 Performance
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4.0 Space Qualification Test IUrogramm,:

Lucas-Lockheed crvocooler systems are undergoing space qualification testing.

The test programme has been divided into four key areas of Performance,

Environmental, Reliability and Electro-Magnetic Compatibility (EMC) testing

as shown in Fig. 4. 1.

Fig 4.1: Space Qualificaticn Test Programme Structure

SPACE
QUA I •JATON

TIESI
PROGRAMME

ENVIRONMENTAL ] 1
T E S T S _ _ 
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SHO( TESTS - MAG. MOENt I UFETESTS
ACOUSTIC TETTS AG MAGNETk, AC'.LE-RATED

PAIATIEO E$-•SSGN TESTS

PAItATED SUSCEPT. cdti

CONDUCTED EMtSS ION Con•:n.ent=
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4.1 EMC

The comprehensive EMC programme is summarised in Fig. 4.i.

System level ter's include AC magnetic fields and both radiated and conducted

electrical ernis, ... and susceptibility.

Permanent magnetic fields and DC magnetic moment measurements have

confirmed the prediction made by Sheffield University's cooler motor FE

model. Flux leakage primarily stems from the air gap as shown in Fig. 4.2.

This stray flux is beneficial for motor performance and the launch damping

technique descril- d in 4.4. Outside the motor casing Lucas have minimised

the permanent magnetic fields to ensure there is no interference with the cold

end instrumental ion.

Results for an unshielded single system arc summarised in Fig. 4.3.

Even with a magnetic dipole of 12Am2 - which can be reduced by shielding

- the field in the vinrity of the cold end was less than 1 Gauss.

Field reduction techniques havc been employed. For eyample, on the common

compression pace unit, the magnetically opposed motois of the compressor

generated flu; lincs out towards :he cold end (see Fig. 4.4). By reversing one

of the magneLs, the leakage flux has been restrained, as shown in Fig. 4.5.

Leakagc miuii.risatiun is one of the design parameters for the modelling of the

next goneration of cr-yocooier motors.
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Fig 4.2 FE Model of Motor showing Lines of Flux
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Fig 4.4: 'Opposed' Magnet Configuration

Fi. 4..: .... .M .. ... .C .o . .. ..,i- .,ra t ion ..

0i. 9-11N 91 lIWRt 1

Fig 4.5: 'Aligned' Magnet Configuration
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4.2 Reliability

To prove that the cryocoolers will outlive the duration of the mission,

endurance testing continues at Lucas. The accelerated test programme will

further increase the statistical confidence level of reliability data.

Reliability techniques are derived forom standard Lucas processes used on

safety critical systems.

4.2.1 Life Tests

A summary of Phase 2 endurance testing is presented in Fig. 4.6. System 3/1

completed 22,630 hours and 1000 on/off cycles. To prove the capability of

the units to run horizontally in a lg environment an endurance test is running

both displacer and compressor horizontally. An automatic endurance rig

capable of running six systems continuously has been developed.

Fig. 4.6 PHASE 2 SYSTEM ENDURANCE SUMMARY

SYSTEM CON'TINUOUS COMMENTS
HOURS RUN

3/I 22,630 HOURS INCLUDING 1000 TEST COMMENCED IN JUNE 19h
ON/OFF CYCLES

3 YEARS RUNNING

1/2 590 HOURS TEST STOPPLD Tý,Ih'.P;T PARTS

1/2 500 HOURS R '"UILD - D770

213 497 HtOURS TEST STO'PPEI, T) iNSPFCT PARTS

W1/3 1400 HOURs VIPIt(AT:ON WOKK AT i.MbC

2J14 8IX) HOURS VIBAA1 ION ANL) PLRF OULMANUL WORK Al LMSC

I€!5 300 HOURS PELKI-"RMANCi. W',kK ýT LUCAS

IIIk'2 100 HOURS INTI'RNAL IT•.IRA. IRE. TILSE,' Al LUCAS

IR/6 200 +I UR.5 MO)DIWIL'D Al I.,t, .t!A. SOI 'i'f ON WORK
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4.2.2 Accelerated Test

Another approach to reliability testing is to overstress components. A

requirement of high reliability is that the capability of a component must

always he adequate for the demands imposed upon it. Suitable overstressing

will cause the strength and stress distributions to o3vcrlap (see Fig. 4.8),

providing a shorter time to failure. The resulting failures are analysed using a

special form of Weibul' distribution to demonstrate that the reliability

predictions are acceptable under normal stress. Shainin Consultants, Inc. are

supporting Lucas with this overstress test p:ograrnme.

The advantages of accelerated tests over life tests are that:-

"* they provide greater confidence more efficiently

(see Fig. 4.7);

"* they verify failure rate data for FMECA reliability predictions,

especially useful for mechanical components.

Accelerated tests do have limitations. The modes of failure must be known.

The overstressing should increase only the failure mode undergoing study; care

must be taken not to introduce new, unrepresentative causes of failure.

The strength and strain distributions only need to overlap, not to be

superimposed upon one another; to use Peter Shainin's expression "foolish

failure" provides no useful information.

All critical cryocooler components - as highlighted in the reliability studies -

will ~undergo accelerated testing. The parallel ruoning of both life and

accclcrated test programmes will providc a high level of confidence for the

systems' reliability.
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Fig 4.7: Confidence Levels for Reliability Tests
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4.3 Performance - Exported Vibration

Infra-red detectors and their optical assemblies are highly sensitive to

vibration. Very low vibration levels have been achieved using either active

balancers or opposed units controlled by Lockheed's patented Digital Error

Correction System (DECS).

Sponsored by ESA/ESTEC, absolute exported vibration levels from Lucas

cryocoolers have been directly measured on a six-axis dynamometer. This

high mechanical impedance system was specifically developed for such testing

by Lockheed (see Fig. 4.9). The specimen table, to which the cooler

components are mounted, is supported on a large granite block via six struts in

a staLically determinate configuration. The exported forces and torques from

the cooler components are measured using six piezo-electric load cells located

at the bases of the specimen table struts.

Exported vibrations have been measured for both single coolers and paired,

actively balanced coolers when running with positional control (P-DECS).

P-DECS accurately controls the positions of the moving masses of a system to

be as close to sinusoidal as possible. The data has been analysed to determine

the individual contributions from the cryocooler fundamental and harmonics in

three axes. Further testing will include a force control loop (F-DECS), which

actively reduces exported vibration levels.

Lockheed have als,, performed exported vibration tests utilising P-L)ECS,

A-DECS (acceleration control) and F-DECS. As well as a 6-axi.s

dynamometer, testing has been performed on an inertial platform rig. This rig

is able to scpacately mount two compressors and two displacers on a spring

platform.
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With the aid of accelerometers mounted in three planes on each platform,

residual compressor and displacer accelerations - and therefore out of balance

forces - can be measured.

Typical results are presented in Fig. 4. 10. P-DECS can provide 140:1

reduction for compressois running back-to-back. Initial tests at Lockheed

suggest that a 500:1 reduction is possible with F-DECS.

Fig 4.9: Dynamometer Componeilts

z
SPECLMEN 3, I

671

I~ ~~~~~~~DPE F IIII IIII



PL-CP--93-1001

Fig 4.10: Summary of Position Control Exported Vibration Results

COMPRESS•OR DISPLACER
6mm st'oke 3mm stroke

SINGLE BALANCED SINGLE BALANCED
UNIT PAIR UNIT PAIR

Fx(N) 0.36 0.14 0.33 0.15

Fy (N) 0.38 0.17 0.73 0.13

Fz (N) 30.5 0.30 427 022

Mx (0m) 0.00 0.020 0102 0.017

My (Nm) 0.02 0.008 0.121 0.020

Mz (Nm) 0.05 0.004 0.022 0.010

RSS values up to 5th harmonic

4.4 Environmental Tests - Launch Vibration

To cater for the distinct char3cteristics of different launch vehicles, Lucas has

subjected its cryocoolers to a composite specification for both sinusoidal and

random vibrations at launch as detailed in Fig. 4.11.

Lucas has investigated the dynamic respoises when sinusoidally excited with

increasing g levels. For example, a CCS 1000 single system displacer with

BeCu suspension springs required launch restraint ovei 4g, to ensure that the

moving mass did not impact on its end stops.
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Both analogue and digital control achieve this by restricting the moving masses

up to the 15g maximu, m test level. Alternative restraint mechanisms have been

devised should power not be made available to the cooler during launch. For

example, magnetic damping significantly reduces the moving mass deflections.

Fig. 4. 12 clearly shows this damping effect on a displacer.

Fig 4.11: Launch Vibration Spec

Composite Drtan 4. Adane 4 & 5 & Shuttle Spec

Sinusoidal: Random:

5 to 9 Hz 1.19mm 20 to 100Hz +3dB/Oct

9 to 11.6 Htz *I- 6g 100 to 400Hiz 0-2g

11.6 to 225 Htz +/- 11mm 400 to 2000Hz -3dB/Oct

22-5 to 60 Hz +/- 225

GO to 100 i-iz +/- 15g

Fig 4.12: Effe.-ts of Magnetic Damping on Imported Sinusoidal Vibration

DISFIACER DIFACEMENf T SPECTPRA
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5.0 CONCLUSION

Lucas has developed a range of cryocoolers which provides periorman,.c ::lid

configuration options to suit the customers' needs. Techn;qu•zs used in the

development and qualification of high reliability, satety-critical aeroenginL fuel

systems have been aprlied. Lucas is on schedule to achieve space qualification

of its cryocooler systems to meet project requirements.
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NOVEL LINEAR FLEXURE BEARING

T. E. Wong, R. B. Pan and A. L. Johnson
Vehicle and Control Systems Division

The Aerospace Corporation
2350 E. El Segundo Blvd.

El Segundo, CA 90245

ABSTRACT

Flexure bearings are a key technology for long-life, spacecraft borne cryogenic
refrigerators (cryocoolers). The bearing provides frictionless, non-wearing, linear
movement and radial support for reciprocating machines. It is used to maintain
extremely tight clearances between piston and cylinder to form a gas "clearance seal".
The objectives of the present work were to define the requirements for a cryocooler
compressor flexure bearing design and to seek the best design which satisfies all
thcse requirements.

A cryocooler compfessor assembly with a typical flexure bearing, which is a
spiral-cut diaphragm, was considered. An initial study to determine critical flexure
design requirements for maintaining the "clearance seal" was then performed. A finite
element analysis combined with a Taguchi method was used to optimize the spiral-cut
flexure design. The principal goals were to minimize the flexure stress and axial
stiffness while maximizing the radial stiffness. Analysis showed that (1) the flexure
radial stiffness is precipitously reduced with the increase of the diaphragm axial
motion; (2) high stresses occur at the edges of the diaphragm near the ends of the
spiral cuts; and (3) an optimized flexure bearing with three spiral-cut fingers satisfies
all of the design requirements. The analysis results of this optimized flexure bearing
correlated very well with the experimental data. Review of the optimized spiral-cut
flexure performance led to the invention of a novel linear flexure bearing. * This novel
linear flexure bearing is a circumferential tangent cantilever cut diaphragm. A
comparative analysis showed that this invention has 70% higher radial stiffness with
30% less stress than the optimized spiral-cut diaphragm. The novel linear flexure
bearing requires mounting and clearance provisions that differ from the spiral cut
diaphragm, however, it appears to be a superior design in that it can maintain tighter
clearance seals with lower operating stress.

*Currently being considered for U.S. Patent Protection

This work has been supported by SDIO under Contract No. F04701-88-C0089.
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i. INTRODUCTION=

Long-life, high-reliability, space-qualified cryogenic refriger3tors are a major

enabling technology for infrared sensor systems on satellites. It has been shown

that a linear drive, non-contacting bearing Stirling cycle cryogenic refrigerator

concept is the best approach to satisfy these needs [1-21. The key technology

developments that enabled spacecraft applications of Stirling cycle cryocoolers

were the use of flexure bearings and seals. The flexure bearings provide the

frictionless and non-wearing support for the reciprocating components of the

cryocooler. The high radiai stiffness of these bearings allows for the use of non-

contacting gas gap clearance sels. These bearings were first app!ied to

cryocoolers by Oxford University [31, however, they had previously been used in

an artificial heart application and in an ultraviolet sensor shutter system [4-5]. Fig.

1 shows some of the typical flexure bearing configurations used in various

applications.

In general, the flexure bearing assembly consists of a stack of axially flexible

cut-diaphragms with inner and outer rim/spacers. Fig. 2 shows a single diaphragm

assembly. The inner rim/spacer provides support, to the piston assembly. The

outer rim/spacer is fastened to the compressor housing which provides support to

the flexure diaphragm. An ideal flexure bearing should have the characteristics of

very large radial or in-plane stiffness, minimal axial or out-of-plane stiffness, and

low stresses when deflected. The radial stiffness is needed to maintain the

extremely tight clearance between the piston and cylinder to form a gas "clearance

seal". The axial stiffness needs to be kept low to avoid affecting the natural

frequency of the spring-mass system composed of the piston and compressible

gas. Low stresses in the cut-diaphragm are required to assure that the bearing will

not fail due to fatigue s Lress. The objectives of this work were to define the

specific design requirements for the cryocooler compressor flexure bearing and to
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search for the best design which satisfied these requirements within practical

restriction for the cryocooler.

In Section 11, a cryocooler compressor assembly with a typical flexure

bearing, which is a spiral-cut diaphragm, was considerea. An initial study to

determine critical flexure design requirements for maintaining the "clearance seal"

was then performed. Other considerations, such as the allowable stress level

which impacts the flexure fatigue life, are also discussed.

In Section III, the results of the nonlinear finite element analysis of a set of

parametrically defined spiral-cut flexure diaphragms, analyzed using the Taguchi

method to define an optimized spiral-cut flexure bearing, are presented. The

analytical predictions for the optimized flexure bearing are compared with the

experimental data. A review of the spiral-cut flexure stress plots involved the

consideration of alternate geometry which led to the invention of a novel linear

flexure bearing as presented in Section IV. A comparative analysis between this

new bearing and the spiral-cut flex'u!re bearings was performed, the results of

which are presented in a summary graph comparing peak stresses and radial

stiffnesses at full stroke position.

II. FLEXURE DESIGN REQUIREMENT

A Standard Spacecraft Cryocooler (SSC) is being developed. The SSC is to

provide 2 watts of cooling at 65 K and operate without maintenance for 10 years.

The SSC is required to operate nearly vibration free to avoid disturbing the optics

in the spacecraft. For the particular SSC considered, the compressor module was

desigined with two mirror-image pistons, hcused within a common cyilrde! arn

operating in phase opposition for dynamic balance. Each piston, driven with its

own moving coil linear motor, is supported by two stacks of spiral-cut flexufe

bearings. 1 he compressor is desioned with all metal corriponents, and uses gas
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gap clearance seals to avuid wear-out. The tight clearance seal between the piston

and the cylinder is designed to separate the compressor working fluid from the

plenum volume which contains the drive motor. Since the cryocooler must be

extensively tested on the ground prior to flight, the clearance must also be

maintained in a 1 G (gravity) environment.

To establish the cryocooler flexure bearing design requirements, a simplified

model as shown in Fig. 3 was used to analyze the deflection response of the motor

piston assembly under a I G radial environment. Excessive tip deflection causes

loss of the clearance seal and potential rubbing of the piston on the cylinder. The

assumptions made in this model are: (1) the flexure bearing mass is negligible

when it is compared to the motor and piston mass; (2) the front and back flexures'

centers of effort are located at the center of each group of springs; and (3) the

piston radial stiffness is much higher than the flexure bearing radial stiffness.

Based on this model, the piston tip deflection under one G gravity load can be

estimated by the formula below:

Tip Deflection = {(E/D)I1 + C (A/B)/(C + D)] + 1}(1 + C/D)(Fg/A) (1)

where:

A, B = Radial spring constants of front and back flexure groups,

respectively

Number of flexures within each group multiplied by the radial

stiffness of a single flexure

C = Distance between front flexure group and the piston assembly

center of gravity (C.G)

D = Distance between front and back flexure groups

E = Distance between front flexure group and piston tip

F = Total mass of the piston and motor

g = Gravity acceleration, 9.8 m/sec 2
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According to the existing compressor design data shown in Table 1, using a

piston tip deflection in Eq. (1) equal to the desired clearance seal gap, the required

radial stiffness at full stroke is calculated to be 1890 N/cm. Based on the natural

frequency of the piston assembly drive motor, the moving mass, and the combined

mechanical and pneumatic spring rate, the allowable axial stiffness of the flexure

assembly is determined to be less than 60 N/cm.

To assure a 10-yr fatigue life (1010 cycles for flexures), the peak stress (von

Mises) in the flexure must be minimized. Fig. 4 shows the S-N fatigue resistanc'3

characteristics of a typical flexure material under reverse bending 11l. However,

the problem !n flcx-,re dasign is that the stresses are not caused by bending alone,

but are induced by a combination of bending, tensile, and torsional stresses.

Unfortunately, fatigue data out to 1010 cycles has not been published. An

approximate reliability analysis indicated that the peak stress for high quality

stainless steel spring stock should be limited to approximately one half of the 50%

endurance limit. For the particular material selected, this limiting stress is 415

MPa. All of the flexure design requirements were then summarized in Table 2.

Several practical matters also influenced the study. These include: (1) maintaining

the existing compressor configuration required retaining the original flexure inner

and outer radii, and limited the total number of flexure diaphragms to 15; (2) the

flexure thickness was constrained to be 0.12 mm due to material availability; and

(3) the flexure rotation about its axis at full stroke (maximum axial deflection) was

limited to about 1 0 in order to avoid any potential dynamic instability during

operation.
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III. SPIRAL-CUT FLEXURE DESIGN OPTIMIZATION

The geometry of a spiral-cut flexure finger can be defined by the equation

R = R, + (R0 - R,) f(O)N (2)

f(0) = a + b€+ c05 + do7 , 0 =6/ (3)

where R1  = Inner radius of the spiral

Ro = Outer radius of the spiral

8 = <Range from 0 to 0. >

0,.= = Flexure finger sweeping angle

In order to determine the coef Ncients in the power series function f(P), .=ote that

f(1) = 1

df(0)/do = S,, at 0 = 0 (the slope intercept of the function at inner radius)

df(0)/do = S., at 0 = 1 (the slope intercept of the function at outer circle)

let f(M) = M;O < M< 1 (4)

In general, the coefficients of a, b, c, and d in Eq. (3) can be obtained by solving

the 4x4 simultaneous equations when M, S,, and S. are given. 1 o prevent any

unrealistic spiral-cut flexure design with crossed fingers, the values of M and N in

Eqs. (2) and (4) were limited from 0.4 to 0.6, and 1.0 to 1 25, respectively. The

slopes of intercept S, and S. were also limited to be in the range of 0.8 to 1.2.

In the parametric study, three and six-finger flexures with 180" and 2400

sweeping angles were examined. The Taguchi experimental design technique

combined with the results of finite element analysis of the various configurations

were used to optimize the spiral-cut finger geometry. rhe principal goal of this

effort was to minimize the flexure stress and axial stiffness while maximizing the

radial , ciffness. Table 3 shows the six selected governing parameters and their

vaIiations. An analysis matrix of L8 orthogonal array [6-101 was established to
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study the criticality of thes3 parameters (Table 4). The interaction effects between

these parameters were also assumed to be negligible. Since the present parametric

study only analyzes the impact on flexure performance of the spiral-cut finger

geometry in Eqs. (2), (3), and (4), a parameter corresponding to the width of the

spiral finger gap is not included in Table 3.

Coarsely meshed finite element models associated with the geometries

defined in the L8 orthogonal array in Table 4 are shown in Fig. 5. Each finite

element model consists of about 500 shell elements and 600 nodes. The radial

and axial stiffnesses and the peak stress were calculated at maximum stroke of the

flexure. Due to the flexure's large deflection relative to its thickness, the nonlinear

geometric analyses were performed with the ABAQUS finite element code on a

CRAY supercomputer. The ABAQUS code is a general purpose finite element

analysis program with special emphasis on advanced nonlinear structural

engineering appiication. Thus, this code was chosen to characterize the flexure

bearing performance. The analytical results of these eight models are listed in the

last three columns in Table 4. A convergency study by refining some of these

eight models was also performed and indicated that the coarsely meshed models in

Fig. 5 can provide accurate results in radial and axial stiffnesses. However, the

stresses in this table were underestimated due to the nature of coarse models and

are only used f'- relative comparison between these eight models. The impact of

the parameters on the flexure radial and axial stiffnesses, and the peak stress are

shown in Figs. 6, 7, and 8, respectively. From these figures, it can be seen that

parameters K and L, the number of fingers and flexure finger sweeping angles,

have the most significant impact on the flexure responses. Parameter G is the

reAL hNhest one on the list. Another approach to quantify the results is to use the

analysis of variance method (ANOVA) [6-10]. For the case of the flexure radial

stiffness, the ANOVA analysis results are shown in Table 5. The last column in

this table shows the percentage of contribution of each parameter for the flexure

radial stif: -s. It can be seen that parameters K and L, with the highest
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percentages, are the most significant parameters for the flexure radial stiffness.

Using the ANOVA method, similar conclusions can be reaiched for the axial

stiffness and the peak stress.

The parameter levels of G 1, K1, and L1 were chosen for the flexure design.

The other three parameters in1 the flexure configuration were chosen to be H2, 12,

and J 2. Thus, the flexure geometry setting is selected to be G1 H212J2 K1L1. This

parameter setting defines the preferred flexure configuration.

Analysis results indicated that the high stress concentrations were located at

the two supporting ends of the spiral-cut finger. A flexure with six fingers will

have twice the number of single-point failures compared to a three-finger flexure,

and is thus less reliable. The thrce-finger flexure was thus chosen for further

study. To improve the accuracy in peak stress calculation, a refined finite element

model using the prcferred parameter setting defined earlier was constructed with

finer meshed elements at the ends of the spiral cuts (Fig. 9a). With a gap of 5.08

mm between the fingers, finite element analysis results indicated that the peak

stress was 508 MPa (Table 6, first row), which is larger than the 415 MPa

requirement. Therefore, additional modification was required on the flexure design.

Accoiding to the data shown in Fig. 8f, it was estimated that peak stress can be

reduced to within the design requirement by increasing the flexure finger sweeping

angle from 1800 to 2200. Another finite element model consisting of 1671 shell

elements and 1762 nodes was then constructed (Fig. 9b), with the preferred

parakmeter setting and a 2200 sweep angle. The width of the spiral finger gap was

also changed to 1.27 mm to compensate for the decrease of the flexure radial

stiffness due to the increase of flexure finger sweeping angle. The results for the

flexure radial and axial stiffnesses are shown in Figs. 10a and 10b Fig. 10a

shos-,: that the radial stiffness is a function of the flexure axial displacement and is

.-ignificantly lower ;; fill strok.=_ The von Mi.•!s rtress contour pIrc at full z:t.'ke is

shown in Fig. 11 a. It can seen that the peak stress is again located at the hub and
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wheel of spiral-cut fingers. The normalized displacement contour in Fig. 11 b

shows that the finger edge can curl up like a potato chip and deflect more than the

hub. Analysis results of this design (Fig. 9b) are summarized in the second row of

Table 6. This design satisfies the requirements of the flexure radial stiffness and

the peak stress listed in Table 2.

In summary, a three-finger flexure with a 2200 sweep angle and a 1.27 mm

width slot is an optimized configuration. This design was fabricated and tested

with success. The radial and axial stiffness measurements were within 5% of the

finite element analysis prediction.

For the compressor module, the final design configuration required a

combination of 8 and 4 flexures in the front and back flexure groups respectively.

The maximum axial stiffness of the assembly at full stroke is calculated to be 39.6

N/cm with 12 flexures. As a consequence of the new design, all of the design

requirements for the compressor in Table 2 are thus satisfied. From Eq. (1), the

piston tip deflection at the full stroke was calculated to be 55% of the nominal gap

clearance which is within the tolerance allowed for the piston clearance seal.

Subsequent tests indicated that the compressor with the optimized three-finger

spiral flexures maintained the clearance seal allowable dimension througt out tests.

IV. LINEAR FLEXURE BEARING INVENTION

Earlier analysis results indicated that the high stresses in the spiral fingers

were caused by a combination of bendinp, tensile, and torsional loads. To assure a

high fatigue reliability of the flexure at 1010 cycles, the magnitude of these

stresses had to be reduced by some means. One of the possible approaches

would be to more effectively utilize the flexure material and redistribute the high

stresscs over a larger region. Another approach would be to eliminate the

geometric stress concentration by "pushing" the peak stress away from the spiral
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finger hub and wheel. By examining the e3rlier finite element analysis results, it

was realized that the torsional warping of the spiral flexure is the major feature

which contributes to high stresses. Therefore, a third approach to minimize the

flexure stress is to reduce the torsional warping of the flexure.

A novi.l flexure design utilizes a translating spider to allow the incorporation

of circumferential tangent cantilever flexures. These cantiever flexure blades are

sandwiched between spacers. The flexure support points are defined by

extensions to the spacers located at the hub and on the spider.

Under small deflections, the tangent-cantilever flexure blades behave like a

simple beam under pure bending. Under large deflection, as in the case of the

cryocooler compressor application, the amount of undesirable torsional warping of

the blades is significantly reduced. Therefore, the deflected blades tend to be

stressed primarily in bending. This argument was investigated by finite element

analysis. A detailed finite element model, consisting of 1335 shell elements and

1450 nodes, was constructed to delineate the performance characteristics of the

novel linear flexure (Fig. 12). Figs. 13a and 13b show the von Mises stress and

normalized displacement contours in blades at full stroke. The results are also

summarized in the third row of Table 6. Based on the deflection pattern in Fig.

1 3b, it was recognized that the peak stress can be further reduced by modifying

the spacer pattern to provide better control of the flexure deflection. A refined

finite element model of this new configuration (Fig. 14), consisting of 2430 shell

elements and 2551 nodes, was constructed. The 3nalysis results are summarized

in the last row of Table 6. The stiff nesses and the stress and normalized

displacement contours are shown in Figs. 15 and 16, respectively. The stress

contour in Fig. 16a indicates that the stress has been almost uniformly distributed

across the blade width. Peak stresses also tend to be less concentrated than those

of the spiral-cut diaphragm. In a comparison of the results in Table 6, it can be

seen that the novel linear flextire has 70% high,.'r radial stiffness with 30% lower
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stress tha the optimized spiral-cut diaphragm. A summary graph comparing the

peak stresses and the radial stiffnesses of the novel linear flexure bearing and the

spiral-cut flexure bearings at the full stroke position are shown in Fig. 17. It can

be also seen that this new bearing appears to be a superior design. Optimization

of the novel flexure bearing design promises to result in even more significant

improvements. The novel linear flexure is being incorporated into the next

generation of the c.yocooler designs.

V. CONCLUSIONS

Design requirements for flexure bearings were derived to ensure

maintenance of the clearance seal between the piston and cylinder. The flexure

radial stiffness at the full stroke position must be greater than 1890 Nicm with the

existing configuration of the compressor module. A Taguchi experimental design

approach, combined with a nonlinear finite element analysis, was used to seek an

optimized spiral-cut flexure diaphragm with a limited number of the finite element

analysis runs. Analysis showed that: (1) the flexure radial stiffness precipitously

reduces with the increased axial displacement; (2) peak stresses occur at the

extreme edge of the ends of the spiral cuts; and (3) an optimized flexure bearing

with three spiral-cut fingers can be configured to satisfy all of the design

requirements. The analytical prediction of this optimized flexure bearing correlates

very well with the experimental data.

A review of the spiral-cut flexure stress contour maps led to the invention of

a novel linear flexure bearing. This novel linear flexure bearing is a circumferential

tangent cantilever-cut diaphragm. A comparative analysis shows that this new

design has 70% higher radial stiffness with 30% less stress than the optimized

spiral-cut diaphragm at the full stroke position. The novel linear flexure bearing is

thus a superior design in both maintaining gas gap clearance seal dimension and

reducing the probability of long life fatigue failure.
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Table 1. Existing Configuration of Compressor Module

Radial stiffness of front flexure group (N/cm) 6xS'

Radial stiffness of back flexure group (N/cm) 4xS

Distance between front flexure group and C.G. of piston 2.54

assembly (cm)

Distance between front and back flexure groups (cm) 5.59

Distance between front flexure group and piston tip (cm) 8.89

Total mass (kg) 0.364

5 = Radial stiffness of single flexure

Table 2. Flexure Design Requirements

Radial Stiffness of Single Flexure > 1890 N/cm

Von Mises Peak Stress < 41b Mva

Total Ax .i Stiffness (All Flexures) < 60 N/cm

Table 3. Input Parameters in Spiral-Cut Flexure Diaphragm Parametric Study

Parameter Description Level one Leve! two

G Slope intercept of the spiral fun.,tion 1.2 0.8
at inner circle, Si

H Slope intercept of the spiral function 1.2 0.8
at outer circle, So

I Value of M in Eq. (4) 0.4 0.6

J Value of N in Eq. (2) 1.0 1.25

K Number of flexure fingers 3 6

L Flexure finger sweeping angle, 0.. 1800 2400
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Table 4. Parametric Study Matrix/Response in Spiral-Cut Flexure Diaphragm

Analysis Parameter Radial Axial Peak *
Rujn " Stiffness Stiffness Stress °

G H I J K L (N/cm) (N/cm) (Mpa)

1 1 1 1 1 1 1 6440 7.93 351

2 1 1 1 2 2 2 298 1.68 128

3 1 2 2 1 2 2 167 1.33 122

4 1 2 2 2 1 1 7890 8.63 362

5 2 1 2 1 1 2 2594 2.84 145

6 2 1 2 2 2 1 2093 3.80 243

7 2 2 1 1 2 1 1802 3.26 170

8 2 2 1 2 1 2 1599 3.61 161
At full stroke position

" • Stress concentrations anrc not included at the ends of spiral cuts
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Table 5. ANOVA Table for Spiral-Cut Flexure
Taguchi Analysis in Radial Stiffness

Source df S (104) V (10') S' (10') F P M

G 1 562 562 522 14 S

H 1 0 0 ......

I 1 8_5 85_ ...

J 1 10_10_10.1

G*J 1 65 65 ......

K 1 2507 2507 2467 63 45

L 1 2301 2301 2261 58 41

Error 4 160 40 280 -- 5

Total ____ 5530 ._1 5_530__ ___

where df = degree of freedom

S = sum of square
V =S/df
S' = S - (df) (V.e), V,, = 40 x 104
F = V /V
P = S / Sota,,, S',otl = 5530 x 104

Table 6. Flexure Diaphragm Characteristics

Flexure Type Stiffness (N/cm) Von Mises Axial Rotation*
Peak* (Degree)

Radial* Axial Stress (MPa)

Spiral-cut Diaphragm in 3443 4.55 508 1.34
Figure 9a

Optimum Spiral-cut 2777 3.30 415 1.12
Diaphragm in Figure 9b

Cantilever-cut 5012 3.64 469 0.88
Diaphragm in Fiyjre .2

Cantilever-cut 4695 3.04 274 0.83
Diaphragm in Figure 14 i_ _

At full stroke position
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Achmrnedea Spiral Flexur, Cantlevers Oxford Rexure

Figure 1 Typical Flexure Bearings
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SSpiral Cut

Flexure
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Bearing Linea "
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SInner Rim /Spacer

Figure 2 General Topology - Spiral Cut Linear Flexure Bearing
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Figure 3 Compressor Module Mathematical Model
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Figure 4 Typical Flexure Steel Reverse Bending Fatigue Failure Characteristics

691



PL-CP--93-1001

Figure 5 Flexure Finite Element Model

a) Parameter G b) Parameter H c) Parameter I

N/cmU 1
1 Level 2 1 Level 2 1 Level 2

d) Parameter J e) Parameter K f) Parameter L

N/cm
(X1000) _ I "_ _

1 Level 2 1 Level 2 1 Level 2

Figure 6 Flexure Parameter Effects on Radial Stiffness
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6 a) Parameter G b) Parameter H c) Parameter I

SI Ii
N/cm 1 1 1

1 Level 2 1 Level 2 1 Level 2

6 d) Parameter J e) Parameter K f.) Parameter L

N/cm I _ _I

1 Level 2 1 Level 2 1 Level 2

Figure 7 Flexure Parameter Effects on Axial Stiffness
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Figure 8 Flexure Parameter Effects on Peak Stress
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Figure 9 Flexure Refined Finite Element Models
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Figure 10 Axial and Radial Stiffnesses for Flexure in Figure 9b
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Figure 12 Circumferential Tangent Cantilever-Cut Linear Flexure Bearing
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Figure 14 Novel Linear Flexure Bearing
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Greenbelt, MD 20771
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I INTRODUCTION

Evaluation testing of three single stage, split Stirling cycle, nominal 80K cryocoolers is underway
at the cryocooler test facility at NASA, Goddard Space Flight Center (GSFC). These include a
British Aerospace (BAe) unit, advertised as a flight qualified design, and cryocoolers from

Lockheed/Lucas and Hughes Aircraft which were purchased as technology demonstration models.
These cryocoolers have several common design features. The compressor piston and the displacer
use non-contacting clearance seals, are driven by linear motors, and are supported by two stacks of
flexure spring bearings. Stroke and phase adjustments are controlled by the electronics. Both the
BAe and the Lockheed/Lucas cryocoolers use an organic material linear on tihe piston in the

clearance seal area to avoid galling of moving metallic surfaces in the event of touch contact.
Hughes uses an all metal design. All of the cryocoolers have a resistive heating element on the
cold tip for the simulation of instrument heat loads.

Since December, 1990. the BAe cryocooler has operated for over 2500 hours. Since mid-1992,
the Hughes Aircraft and the Lockheed/Lucas ci. ocoolers have undergone over 100 hours of
performance evaiuation at GSFC. The Lockheed/Lucas cryocooler has also undergone over 350
hours of testing at Lockheed prior to delivery. The BAe crvocooler and the Lockheed/Lucas

cryocooler have been operated in a vacuum environment at temperatures ranging from -25°C to
+20'C. The BAe has undergone extended test runs for periods up to 40 days. The Hughes

cryocooler has been operated only in ambient laboratory conditions. Similar thermal and residual
vibration tests have been conducted on each of the three cryocoolers.
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Some of the testing efforts required modifications to, and in some cases, replacement of, the

electronics provided by the cryocooler suppliers. For each cryocooler, GSFC designed and

fabricated a 6-axis force dynamometer and a heat removal system to permit the cryocoolers to be

operated in the vacuum chamber. In addition, the vibration cancellation system, described by

Boyle, et. al. in reference 1, was used to reduce vibration, and the results are compared to those

measured in the as-received condition.

II CRYOCOOLER DESCRIPTION

Ila BAe CRYOCOOLER

The BAe cryocooler is hermetically sealed and provides a nominal 0.8 watts cooling at 80K with a

compressor power of 35 watts. The single compressor and single expander assemblies are

connected by a 10 inch copper transfer line. The compressor weighs approximately 3.5 kg and the

expander weighs approximately 1.1 kg. The cryocooler housing is made of titanium with copper

heat exchange surfaces on both the compressor and expander.

Photograph of the British Aerospace 80 K Cryocooler (courtesy of BAe).

Initial baseline vibration and thermal tests were conducted with the BAe supplied laboratory

electronics. However, intemnal noise, the lack of a data collection system and insufficient
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autonomous protection features led GSFC to design, fabricate, and integrate a custom electronics

system. This system incorporated very low noise linear power amplifiers, general purpose

interface bus (GPIB) programmable arbitrary waveform generators, high speed analog to digital

converters, a precision power analyzer, and real-time, high speed positive and negative piston

overstioke protection. The goal was to permit long term, unattended operation with automatic

protection and graceful shutdown capability in the event of a hardware problem. User selectable

data sampling rates of operational parameters were designed into the data collection system.

The cryocooler contains Linear Variable Differential Transformer (LVDT) position sensors for

both the compressor and expander. The cold tip is instrumented with a platinum resistance

thermometer to measure temperature, and its heat sink temperature is regulated while in a vacuum

environment.

Additional instrumentation continually monitors the following cryocooler parameters:

- hours of operation

- 14 thermocouples

- Cold tip temperantre and heater power

- Cold tip bonnet vacuum level

- Chamber vacuum level

-motor RMS current, voltage, and power

-motor power factor

-piston peak-to-peak stroke and offset (mm)

-Displ
-stroke level peak-to-peak and offset (mrm)

The parameters which can result in an automatic shutdown are:

- Any one of 14 thermocouples exceeding 38 CC.

- Compressor power >40 Watts true power

- Uninterruptable power supply battery low indication

- Excessive compressor piston positive/negative travel

- Excessive displacer positive/negative travel

- A compressor power actor less than .75

- Heat load cutoff when cold tip temperature is >150 Kelvin
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lib LOCKHEED/LUCAS CRYOCOOLER

The Lockheed/Lucas Model 1707 cryocooler is hermetically sealed and provides over .9 watts

cooling at 80K at maximum stroke. The single compressor and single expander art connected by

a 10 inch stainless steel transfer tube. The compressor weighs 4.2 kg and the expander weighs

about 0.8 kg. The compressor and expander housings are made of aluminum.

gem ]NNW°

SNASA/GSFC L3VC---

PHASE 5

Photog-,.,lh of the LockhcldLucas 80K Cryocooler (courtesy of Lucas).

The cryocooler includes capacitive position sensors for both the compressor and the expander.

The cold tip is instrumented with a Lake Shore Cryotronics silicon diode temperature sensor.

Electronics supplied by Lockheed permitted thermal testing of the cryocooler in the laboratory

environment while cortrolling frequency, strokes, and phase. However, it was necessary for

GSFC to assemble a data handling systerm and additionai automatic shutdowc. protection features to

permit unattended/autonomou,; operation in the thermal vacuum chamber. Additional

instrumentation continually monitors !Ile following cryocoolcr para'neters:

- hours of oper"',,r

6 thermocoup',.,

- Cold tip ten ," .. ,rud heazcr powe
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II d tip bonnet vacuunm level

- Chamber vacuum level

- Compressor motor RMS powe.

The parameters which can result in an automatic shutdown are:

- Any one of 6 thermocouples exceeding 38 'C.

- Uninterruptable power supply battery low indication

- Heat load cutoff wh.n cold tip temperature is >150 Kelvin

The standard control system supplied with the cryocooler is the Lockheed developed Position

Digital Erro" Control System (PDECS). This system alters the waveforms to achieve sinusoidal

position movement of the compressor piston and the displacer. Since PDECS is fuse protected, if

PDECS is running, no overstroke protection is required during unattended operation. During
vibration testing when PDECS is turned off, unattended operation is not possible since the

protective features are not adequate with this electronics configuration.

Two techniques to operate Lhe cryocooler from arbitrary waveform generators were implemented.

The first involved generating the waveforms from programmable waveform generators and feeding

the signals directly into the Pulse Width Modulation (PWM) drive analog inputs. This kept the

internal position loop in the Lockheed electronics still intact and resulted in no offset drift. The

second technique involved breaking the cryocooler motor leads to permit driving the motors

directly using low noise linear power amplifiers. The first technique was used to permit

implementation of the NASA/GSFC developed vibration control algorithm (Reference 1), and the

second technique is used for low frequency stiction testing.

The GSFC :lata acquisition and control system can perform autonomous shutdown of the

cryocooler in the event of a problem. This shutdown feature implemei..ed on the Lockheed/L .ucas

cryocooler incorporates a keyboard splice which allows the data acquisition and control system to

command "WAVE OFF" o', :he Lockheed PC via an RS 232 interface.

In addition to tle vibration control drive electronics modifications, GSFC personnel designed and

implemented a vibration cancellation system, and a heat removal system which permitted the

Lockheed/Lucas crvocooler to be run under vacuum conditions at various heat sink ternperaturcs.
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H1c HUGHES 80 K CRYOCOOLER

The Hughes cryocooler capacity is 0.15 W at 80K. It is a balanced unit with dual compressors

having a common compression chamber and a single expander with active counterbalancer. The

compressor housing is made of aluminum and the expander housing is made of stainless steel.

They weigh approximately 4kg and 3kg, respectively. The compressor assembly is connected to

the expander via a 4 inch copper transfer line. There are four linear motors to drive the dual
compressors, displacer and the active counterbalance. Stroke and phase adjustment are controlled

by the Hughes supplied electronics.

The cr"ocooler does not have a hermetic seal. No plastics or non-organic materials are used in the
clearance seals regions. With the exception that the motor is not canned, this is an all! metal design.

Photograph of vie Hughes IR&D Cryocoolcr.

The electronics are rack mounted and were supplied by Hughes with the cryocooler. The

cryocooler includes IJVDT position sensors for the compressuis, expander, and counterbalance.

The cold tip is instrumented with a silicon diode cryogenic temperature sensor. The cryocooler

electronics provided by I lughes are designed to permit ve,iy flexible cAperimentation with the
thermodynamics and pr(,. ides sonie vibration cancellation capability. In addition, other features

were provided with the cryocClcr such as a pressure tap on the cryocooler and auxiliary inpats on
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the control electronics, which simplified implementation of the GSFC vibration characterization

effort.

The testing at (GSFC was primarily focused on the uniqueness of the back-to-back compressors

and expander/balancer assemblies. The Hughes supplied electronics incorporates a control scheme

which is very effective at nulling in-line force at the fundamental frequency, but does little to cancel

higher harmonic vibrations. This cryocooler was used as a test bed for the NASA/GSFC vibration

control system development effort.

Instrumentation continually monitors the following cryocooler parameters during testing:

- Cold tip temperature

- Heater power

- Cold tip bonnet vacuum level

- Compressor piston stroke level (mm)

- Displacer stroke level (mm)

The parameters which can result in an automatic shutdown are:

- Excessive compressor piston travel

- Excessive displacer travel

In addition to the drive electronics modifications, GSFC personnel supplied a vibration cancellation

system interface and a heat removal system. Future tests are currently planned with the cryocooler

installed ia the thermal vacuum chamber.

III NON DESTRUCTIVE TESTING EVALUATION

it would be ideal if every cryocooler were equipped with a sensor that would provide a positive

indication of touch contact at the clearance seals. However, since such a sensor is not presently

incorporated into most cryocoolers, several attempts were made to find non-destructive

examination procedures that could assist in verifying whether or not touch contact occurs at the

clearance seals. The three cryocoolers were used to experiment with some possible testing

alternatives.

Initially, expe-imentation was done with miciofocus X-ray techniques to determine clearance seal

gaps and alignment of expander and compressor parts. "he compressor piston c0'-arance seals

could not be imaged ii: any cryocooler since there was too much metal for the X-rays to penetrate
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into the cryocooler body. This technique was somewhat successful on the BAe cryocooler

expander cold finger. The Lockheed/Lucas clearance seals could not be imaged and the expander

cold finger clearance was determined to be smaller than the resolution of the X-ray machine.

Experimentation with stiction tests was also done on all three coolers. When the piston is driven at

low frequency, if touch contact occurs at the clearance seals, hysteresis losses should be evident in

the measurement of current as a function of position. Tests were performed in different physical

orientations and at different operating temperatures.

Several different stiction waveforms were tried: sinusoid and triangle wave drive signals, at

various frequencies and amplitudes, with positive and negative position offsets, in vertical and

horizontal orientations, and also with v,'rious working gas arid cryocooler body temperatures.

Data acquisition of the current and position signals proved increasingly difficult as lower

frequencies were used. Stiction tests were performed at frequencies of 4, 10, and 100 mHz. The

lowest frequency that allowed automatic data acquisition with existing hardware turned out to be 4

mHz. In an attempt to maintain consistency in testing. a 4 mHz triangle wave was used to test all

three cryocoolers described in this paper. It is believed that this frequency may not be low enough

for a clean hysteresis loop to be measured for systems with small clearance gaps.

Ilia BAe CRYOCOOLER

The plots below illustrate the results of the BAe cryocooler driven with a 4 mHz triangle wave with

the cryocooler in the vertical orientation, at ambient air temperature, and with the working gas at

approximately 75 K. The body of the cryocooler was maintained at approximately 20 'C.

Repeated stiction testing of the BAe compressor under these operating conditions did occasionally

reveal an abrupt change in position with no change in current at a position between 1 and 1.5 mm

at 4 mlHz. At slightly higher piston velociti, .1,, this effect did not manifest itself.

"i he BAe displacer was also tested under the same conditions. The plot below illustrates what is

considered to be a very clean sfiction test with no apparent touch contact.
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The BAe compressor and displacer also underwent low frequency testing with a cryocooler heat

sink temperature of approximately -20'C. The following plots show little indication of stiction

occurring; once agai- ias test was performed in the vertical orientation.
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The plots below illustrate the effect of the low frequency testing with the cryocooler in the

horizontal orientation. Once again the expander looks clean but an indication of compressor

stiction is visible here.
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Hlib LOCKHEED/LUCAS CRYOCOOLER

Stiction tests were conducted on a breadboard Lockheed/Lucas cryocooler at -25 'C, and +20 0C in

the vertical orientation. The ambient (+20 0C) test results are shown below. Some hysteresis was

seen in the compressor indicating either touch contact or that the frequency was too high. The

latter may be in fact what is causing the hysteresis because vendor testing at .001 hz showed no

such hysteresis.
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The displacer test results shown above provide no definite indication of touch contact. The unique

characteristic of the displacer plot above is due to the fact that the digitization resolution was double

that of the others.

The plots below show a repeat of the low frequency tests with thle heat removal systenm temp at -40

'C and tile cryocooler case at about -25 'C. It appears that touch contact on the compressor

increa,,es substantially as temperature decreases.
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Once again the expander looks ciean. No indication of contact is present. All other operating

parameters except temperature where nominal.

A third test was performed in a horizontal orientation. Similar evidence of contact occurred in the

compressor test as was seen in the vertical orientation. The expander stiction is aow evident which

could be attributable to three possible causes. The first is the effect of gravity causing

misalignment. The second involves possible misalignment following temperature cycling and the

third has to do with possible misalignment to the the cold finger which may have occurred when

moving the cryocooler from the vertical to horizontal orientation.
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The third possibility is worth explaining because it may affect other cryocoolers. The cryocooler

was received with a plastic vacuum fitting and during cryocooler reorientation this plastic fittirng

was bumped and it suffered a brittle fracture which should not have occurred since it was not cold.

The. plastic may have deteriorated under sustained vacuum conditions and lost its ductile properties.
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The cold finger was stressed although to what level is uncertain. No visible physical damage was

sustained to the cold finger and the PDECS waveforms look normal. The cryocooler continues to

perform thermodynamically as before.

IlIc HUGHES AIRCRAFT CRYOCOOLER

Stiction tests were performed on the Hughes IR&D cryocooler under ambient conditions (20°C)

with the cryocooler mounted in only the horizontal orientation. Both the compressor assembly and

displacer were tested. Plots of the resulting data are shown below.
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No indication of contact was visible in any of the plots. In the Hughes all metal design, experience

has shown that if contact was to occur, one would expect that galling would cause the pistor, or

displacer to seize in a short period of time.

111d Conclusions:

Microfocus x-ray techniques are of minimal value in evaluating alignment and touch contact in

production cryocoolers. To some degree, indications of touch contact were seen using the stictio..
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test techniques. There is difficulty in interpreting the stiction plots in some cases, and even though

momentary discontinuities occur, the cryocoolers still operate properly at their normal operating

frequencies for the limited testing performed. The long term effects of stiction on cryocooler

operation is not yet determined. In some cases, the test frequency may have been the cause of the

indicated hysteresis.

Another technique which might detect contact is to periodically monitor the -equency response of

the residual vibration for shifts in the magnitude of the dominant harmonic frequencies. These

frequencies should be effected by any changes in the electromechanical system, including loss of

damping from the gas spring caused by working gas leakage, additional friction caused by
piston/wall contact, and changes in the spring constant caused by work hardening. This possible

test method needs to be evaluated. The ultimate goal should be to incorporate design features that

ensure no touch contact at the clearance seals. Any contact is potentially a serious concern.

IV THERMAL PERFORMANCE TEST

The thermal performance testing was performed in a Thermal Vacuum Chamber shown below.

Inside die NASA/GSF C vacuum chamnber (BAc cr•ocoolcr left/Lucas cryocoolcr right).
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The tests performed included cool down curves and families of cooling load curves with the

coldfinger load ranging from no load to typically one watt. The heat sink temperature was

regulated between -32°C to +20 0C.

Every atte!mpt was made to conduct all performance testing under steady-state cryocooler operating

and environmental conditions. Some tests were performed multiple times over a period of months

to ensure accuracy and test the repeatability of results. Estimated parameter uncertainties are as

follows:

Table I: Estimated uncertainty for the thermal performance measurements

Parameter Estimated Uncertainty

Cold Tip Temperature + 0.1 K

Cold Finger Dewar Vacuum ± 2.2x 10-6 torr

Compressor Power ± 0.005 watts*

Heat Sink Temp + 0.6 °C

Cold Finger Heat Load ± 0.005 watts

Piston Stroke ± .mm

*The estimated uncert.ainty of the compressor power measurement for the Lockheed/Lucas cryocooler is TBD.

NASA/GSFC cryocooler test station.
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Cryocoolers were tested as received from the suppliers; no changes were made to reduce coldfinger
parasitic loads. A new vacuum bonnet was manufactured and installed on the British Aerospace
cryocooler. It should also be noted that all three cryocoolers were operated at recommended
compressor and expander strokes. Additional cooling power is possible from all three cryocoolers
if they are run with larger strokes.

IVa BAe CRYOCOOLER

Cooldown curves were generated under ambient conditions with heat sink temperatures at 20°C.

The BAe cryocooler cools down to operating temperatures in about 50 minutes. Cryocooler load
curves were generated under both ambient and vacuum conditions with the heat removal system
operating between -35°C and +20°C. Because the BAe cryocooler housing is titanium, it took a
somewhat longer time for it to reach thermal equilibrium and typical housing temperatures were 10
to 15 degrees warmer than the her! sink.

Testing was performed under both constant power and constant stroke conditions. The charts
below map the relationship between cold tip temperature and cooling load. The manufacturer's
recommended values were used for all other cryocooler operating parameters. The constant stroke
test procedure consisted of recording the steady-state cold tip temperature as a function of heat load
while the compressor was operating at vendor recommended stroke. The cold tip heater was
varied between 0 and 1 watt of cold tip heat load. Note that, because the compressor power was
measured at the input to the motors, the results do not include power losses in the drive electronics.

A constant compressor power load curve was generated for comparison purposes with BAe
generated load curves. No indication of thermodynamic performance degradation is evident from
our results. The GSFC load line slope and 'Y' axis intercept aiffer slightly from the BAc test
results. The GSFC curve showed slightly better performance at low heat loads and slightly
degraded performance at higher heat loads. This difference is probably due to differences in test
hardware and procedures between BAe and GSFC.
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A second set of cooling curves were generated for a vendor recommended constant compressor

stroke of 6.9am and displacer stroke of 2.9mm at varying heat sink temperatures. As the heat

sink temperature was decreased, the cold tip temperature dropped. This effect is clearly evident in

the graph above. The curve at -20C is not parallel with the other curves. This may be due to the
long thermal time constants of the cryocooler/dynamometer mass. It took a long time to stabilize

temperatures at the low end of the load curve.

IVb LOCKHEED/LUCAS CRYOCOOLER

Lockheed/Lucas cryocooler performance testing was performeo under both ambient and vacuum

conditions with the heat sink temperature between -32°C and +20TC. The manufacturer's
recommended values were used for all cryocooler operating parameters. A cooldown curve was

generated under ambient conditions with heat sink temperatures at 20'C. The cr• xooler cools
down to operating temperatures in about 6 minutes under ambient conditions.
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The performance curves generated below were with a compressor stoke of 4.80 mm peak-to-peak

and an expander stroke of 3.05 rnm peak-to-peak. These were the vendor recommended stroke

levels.
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All thermodynamic performance testing was done with 'PDECS' on, so compressor and expander

stroke levels were maintained constant throughout testing. As heat sink temperatures were

decrcased, the load line shifted downward. This effect appeared to be more pronounced at lower

heat loads, probably due to the higher net cooling available due to lower cold finger parasitics.

IVc HUGHES AIRCRAFT CRYOCOOLER

Initially a mechanical problem was encountered with the Hughes cryocooler which required rework

i,y Hughes. A metallic particle became entrapped in the clearance seal gap of the displacer which in

.ilrn caused abnormal vibration and piston motion to occur. A displacer with a larger clearance seal

was installed. No further problems have been encountered in the test program to date. This

change was acceptable for our testing efforts since the primary focus of NASA/GSFC work on the

Hughes cryocooler was characterization of the vibration with the back-to-back compressor

asse' blies. Results are presented below.

Cooldown curves and load curves were generated for the Hughes cryocooler under ambient

laboratory conditions with heat sink temperatures at typically +20TC. The results are presented

below. The manufacturer's recommended values were used for all other cryocooler operating

parameters. The test procedure consisted of recording the steady-state cold tip temperature while

the compressor was operating at 20mm peak-to-peak and the expander was operating at 6.4 mm

peak-to-peak. The cold tip heater power was varied between 0 and 0.8 watt.
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Over a period of a month, two constant stroke load curves were generated. The results from the

tests differ slightly. The cryocooler was not hermetically sealed and working gas pressure dropped

approximately 2% between tests. Also, slightly different operating frequencies were used.

V VIBRATION CHARACTERIZATION TESTS

The objectives of this test were to quantify the residual vibration generated by each cryocooler

while operating at the nominal stroke and to determine the effect of orientation and temperature on

vibration signatures. A GSFC designed dynamomet,.r and analog signal mixer were used to

measure the vibration forces and moments for both the compressor and expander/kounterbalance

assemblies.

Each test was performed under steady-sta'e, no-load conditions with the compressor rtinning at

nominal stroke. Tests were repeated for both the horizontal and vertical cryocooler or entations for

all three cryocoolers. Additional tests were performed between -32C and +20C for the BAe and

Lockheed/Lucas cryocoolers.

Two eight-channel A/D converters were used to record several cycles of the force and moment

signals simultaneously. A spectrum aitalyzer was used to record each force & moment spectra

through the first twenty harmonics. The force and moment measurements are believed to have an

absolute accuracy to within ±10%.

In addition to these characterization tests, each cry.ocooler was mounted on its dynamometer to test

the performance of a narrow band vibration control algorithm in canceling the first twenty
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hanronics in the z-axis fcrce spectrum. This cancelation was carried out for both the compressor

and expander/counterbalance assemblies. A description of the GSFC control algorithm can be

found in Boyle et al.: "Non-Real Time, Feed Forward Vibration Control System for

Cryoct-volers"t.

The following convention is used for all cryocooler vibration tests: Fz is the force in the direction

of piston/expander motion; Fx ind Fy are forces transverse to the direction of piston/expander
motion, and Mz is the moment about the axis of piston movement. Mz's magnitude is a function

of ciynamometer design It is p.esented because it may be of interest to the user community.

Va BAe 80K CRYOCOOLER

The plots below show the actual spectra of the BAe cryocooler compressor Fz both before and

after the NASAiGSFC vibration control algorithm was activated.

Ail overlay of another force spectrum on top of this plot would be difficult to view and compare.
Therefore, following this first set of full spectrum graphs, a second set of plots shows only the

peak levels of each harmonic of the operating frequency. The reader should not interpret

information between harmonics as residual force. Essentially all of the residual force occurs at the
harmonics. Lines art- used to connect tue dots between hakmonic peaks only to ;id the reader in

making comparisons between varicus cryocooler spectra.
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The first plot oi, the left below shows the superposition of the two plots from above for the British

Aerospace cryocooler compressor assembly before anud after the GjSFC vibration control algorithm
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was actiated. As ran be seen 10 out of the first 12 harmonics were originally above the

NASAIGSFC specification requirement for the 80K and 30K NASA/GSFC cryocooler contracts.

Once the algorithm was activated, all of the first 19 harmonics were reduced below the

specification goal. Since the BAe cryocooler is not a dual compressor/displacer configuration, the

fundamental could not be nulled.
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Vibration control of the BAe compressor did not result in a significant reduction in the off-axis

forces; however the axial moment about the piston/expander movement axis was consistently

reduced. Shown oelow are comparisons made between vibration signatures of both compensated

and uncompensated cryocooler operation with the cryocooler operating at +20'C and -20TC.

718



PL-CP--93-1001

102 102t ~ ~ ~ - -O i i i ! -" ' C F z u n o o m p e n s a t e d ,, 2 C - 0 •i i i i .; : •

~ t nO~elald(20 C) --- CF u *nwponS d (.20C)
,-V... C Fz unoomnpesate (-20 C )C .. pn soo d (-20C)

100 W... ,

-iS-1 -j 221 :: • • !, - -- . _
-4 y.. . . .. ....... . . . . . . . . . . . .

7 If

S 0 2 10,2

.4.
10 . . . . . . . . . . . .10 ,

a 00 140 240 320 400 460 G£0 440 720 100 0 80 140 240 320 400 41') 860 40 7120 800

Ititllh Aerospaee 8OK orycooster Compreesor Wtitten Aerospaee IOK .,yo.oote. Compresesr

Ju&I faelse With multiple heat Sink temperltutc i o -lfillE force with multiple held sink temperatures

102 10 .

Vi. " -' C Fx uneCotfpm rtaled (.20C) .Pensat. (-20C)

a0 -- C Fi urcompentited (-20C) C nm ated (2•2CC

1 0. 
... . .0 .

r**00rd . - M . . .. . *'"

~~ . .. . . . . .- . ." •o.. .i : . : i i : i . .. • .

to 1__ _ 10 . . .. .

0 St 110 240 320 400 ago •40 640 720 100 0 I0 160 240 320 400 400 580 440 720 800
t

fweny irui katfooy (501

triilth Aerospace 8OK aryocoolir C psor N1110fltl.h AerospaOc 8OK oryoeoolor Compressor

Off-ahis force with multiple host Sink tempereltiee "luil moment wilh multiple heat lintk temperature*

The following plots show spectra of compensated versus uncompensated waveforms for both the

compressor and expander in a horizontal orientation (Fz) at ambient conditions. The NASAIGSFC

algorithm was able to significantly reduce Fz at higher harmonics, although not as well as when the

cryocooler was in the vertical orientation. The vibration control algorithm was not able to

significantly reduce non-axial vibrations.
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Vb LOCKHEED/LUCAS 80K CRYOCOOLER

The plots below show the comparison of harmonic vibration levels of the Lockheed/Lucas
cryocooler compressor when operated with the Lockheed control system to that obtained with the

GSFC algorithm. It must be emphasized that this hardware does not represent the latest design

available from Lockheed. 'PDECS' does not use force feedback. Rather, it drives the piston/

expander motion in sinusoidal motion. The Lockheed/Lucas vibration signature, when driven with

sinusoidal waveforms from the 'PDECS', exceeds NASA/GSFC vibration requirements.
Lockheed has a more contemporary set of electronics which has a force feedback feature. The

NASA/GSFC vibration control algorithm significantly reduced both axial and off-axis forces as
well as Mz, over the performance demonstrated by 'PDECS' alone.
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The plots on the next page show the vibration signature change between the operation of the
Lockheed/Lucas compressor and displacer from the vertical to the horizontal orientation. The

changes in the vibration signature are riuiior except for the low frequency, off-axis harmonics.
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The plots below demonstrate the reduction of harmonic vibration levels in the Lockheed/Lucas

displacer assembly when the GSFC algoridhm is applied. Note that in addition to the reduction in
Fz, the Lockheed/Lucas cryocooler experiences a marked improvement in off-axis forces as

compared with the results from the BAe cryocooler tests.

102 102

-- 0 Fz (GSFC Algortlhm) 0-- D Fy (OSFC Algorlihm)
---DF POECSL.J-0 D Fy (POECS)'

•' . ,: ,,, •-40--".:: ---- _... .. 0 •"-- "-- ':"-'- so 22N-•-"•- -• "• "- -• ,-
10 100

10 104

S•, . -• • • • ! . I V. : 2 :: T " -. 9 4 ; "" -' -,i..' '"# "

24 114 e 48 310 379 434 49# 6Ie 420 4e3 744 404 0 42 124 6i4 244 310 372 434 490 144 420 642 744 04o

Leokhfo• I Luoc& SOK rytonooler dlplotr Lo0khled I Luca" S0K oryooofeor Oleplaeer
axlal force before Ind after Vlbrafton @4#Potlon off41ne force before A after vibration reduf flor

102 *..-1

D 4- F: (OSFC Algortihm) -*-- 0 Kz (ObFC Algorithm)
SD FX (PDECS)" 0 Mz (POECS)"

100 102. . . . . . i
.4i : : ; : : : .. ~ ~~~~~~~...........I:-9 . i '. ! ! . . "

10 ..- 10 :

0 i 124 IO 244 310 31"2 434 494 its 420 442 744 I04 0 62 124 14 248 310 372 434 444 164 420 442 744 404
Power(1 (112) Pwe*A.m y (hr)

Lockheed I Luc" 10K *ryooool0 Dlrplsolr Lockhleed i Lucas 80K cryocoola r ecmpreseso
off.linO fal lt before & after vlbratlen reduyllen axial moment blfor &ohfer vibrafton rdufftln

The cryocooler was also operated with its heat sink at -20 'C to determine the effect of this thermal

environment on the vibration signature. The comparisons are once again made on the specific

harmonic frequencies with the heat sink temperature at +20 'C and -20 'C with PDECS operational

at the lowest no load cold tip temperature. The data consistently reveals a reduction in force at the

higher frequencies when the heat sink is at -20 °C. There is, however, an increase in off-axis

forces at the lower harmonics.
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Vc HUGHES AIRCRAFT CRYOCOOLER

The following plots represent the baseline vibration spectra for the Hughes Aircraft dual

compressors and displacer/counterbalance assemblies. The balanced design nulls out the
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fundamental vibrations and does result in fairly low forces at the higher harmonics. Vibration

signatures were taken with both compressors and displacer operating at full stokes.

102 . . . . . . . . . . .102 ..

-Comrpressor F--E xpanderf Fz

1010

2 2
10 10

0 80 140) 240 320 400 4#0 690 94. 720 $00 0 #0 I10 240 320 400 460 t60 640 720 S00

Frfqrro (ha) ROQAMKy (to)

Hug4 hes siK IP16O sry&...4o r C.mpeoss+ Hlughes ISK 6 l&D ortroooolIr OspilsOor
.lI tere. wIe hwi , damerntal nulled "uloi ftrse with fundoid eflIU nulled

1 02 . . . . . . . 1 0__2 . . . . . .
10, lot 0.. . .. . . . . .

. enp -s Expander Fit

00 : laO : : : i I• • l•:. . . . . . .
oo0 6 lo too

02 10 2

! ; i ~ i •I ni . . . . . .: : .; : : : :. : : . . . . . . . .

10 2 :ý 1 02 ; ; ; ..

1 0 ° " : : : . . . . . . .. . . . .

20' ___ __ __ __ _"__ •t I Y8 -i~

1 0 4 = : : : : : : : : : : ; : : : : :1 0 4 = . . . . . .

0 60 i4A 240 320 400 4P0 160 040 720 600 0 S0 12V 200 370 A00 4#0 660 640 720 $00
Vrroq .Cy r2z) FCQ." y 4I'PZ)

Hughes 4910 I1116O ryo.ooor Coarpae060 fHughoo IK IRPAD oryoooolor Olplsoolr

Off6i4e10 itrs wllh fufdomonloJ nullod off-eel. for** wit.h undsmnreoll • ulled

725



PL-CP--93-1001

Additional hardware modifications must be implemented before testing can be completed with the

NASAIGSFC control algorithm nulling up through 10 harmonicas with the cryocooler running at

full power. Until hardware modifications can be completed, it was only possible to run the

compressors and displacer at 50% stroke. The following plots demonstrate that the NASA/GSFC

vibration control algorithm will work on a dual compressor cryocooler but the plots do not

represent actual nulled vibration levels under full stroke conditions. Actual hardware modifications

will be completed in late 1992, and additional vibration testing is planned for early 1993.
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VI CONCLUSIONS

NASA/GSFC test results from three cryocoolers have been presented in thts paicr. Two of the

cryocoolers are single compressor units and one is a balanced dual compressor unit. Thermal

performance data and residual vibration data is presente.. As of the publication date of this paper,

no thermodynamic degradation 'a, been seen in any of the cryocooler as a result of operation at

various temperatures; operation in a vacuum; and operation in vertical and horizontal orientv.tions.

The data indicates that the use of stiction testing is useful. However, the sensitivity of stiction tests

and determination of acceptable levels of stiction, if any, remain elusive. The stiction test results

presented herein indicate touch contact under some operating conditions. In the next generation of

cryocoolers, some manufacturers are designing to eliminate touch contact.

Reduction of residual vibration continues to be an important issue for space flight instruments.

The results presented herein demonstrate that axial vibration can be reduced to acceptable levels

with a good vibration control system. Unfortunately, the results indicate that off-axis residual

vibration can, not be consistently reduced to acceptable levels by such a system. Off-axis vibration

must be minimized by proper cryocooler design.
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Vibration control systems may need to be adaptable over time to account for changing operating

conditions. However, the results presented herein demonstrate that a real-time control system may

not be required. The GSFC vibration control system has performed well on three different

coolers, manufactured by three different suppliers. For all cryocoolers, the residual vibration

signatures are stable over periods of many minutes. The GSFC vibration control system has

successfully and repeatably demonstrated vibration cancellation out to the 19th harmonic. This

cancellation has been demonstrated under a wide variety of operating conditions.
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Performance of the Signaal Usfa Stirling Cooling Engines

D.Verbeek, H. Helmonds, P. Roos

Signaal Usfa,
PO Box 6034, NI. 5600 HA Eindhoven, The Netherlands.

IR i7ROCUCTION

More than 40 years ago SIGNAAL USFA entered the Stirling cooler market under
the name Philips Usfa B.V. Since 1990, when Philips decided to relinquish its
activities in the military market, USFA became a member of the Thomson group and
operates from its location in Eindhoven, The Netherlands, under the name SIGNAAL
USFA. Within the Thomson-CSF organization, SIGNAAL USFA is a subsidiary of
Thomson TRT Defence (TTD) and operates alongside the French company, Crvo-
technologies, which is located in Toulouse/Blagnac.

The product ranges of both companies are complementary, with SIGNAAL USFA
producing linear cooling engines and Cryotechnologies producing rotary engines and
Joule Thomson equipment, including the compressors.

SIGNAAL USFA produces a range of miniature cooling engines for cooling the
detectors in thermal imaging systems. These coolers operate at approximately 80 K
and have capacities of 0.25 W, 0.5 W and 1.0 W.

During the conference in 198F,, we presented the results of various tests that were
performed with the singl: pi:Aon cooling engine. In this paper, we present the results
of tests performed on a r,-centlv developed dual-oppored piston version.

Basic Technical Principles of the Cooler

The principle of these coolers is based on the well-known Stirling-Cycle, using a free
piston and free displacer. The piston, which is driven by a linear motor, creates a
pressure wave while the displacer moves in such a way that the expansion takes place
mainly at the top of the coldfinger and compression occurs na the space between the
piston and the displacer.

The mass of the piston/coil assembly, in combination with the mechanical spring and
gas forces (gas spring), creates a mass- spring system which is tuned to the drive
frequency of 50 Hz. The side loads are extremely low because the driving forces on
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both the pistoD , nd the displacer act only in the direction of movement. indeed, this
is the main reason for the very long operational lifetime provided by this type of

cooler.

The recently developed dual-opposed piston cooler uses two pistons in order to
balance the axial forces. This results in an extremely low level of mechanical vibration.
In figure 1 is given a schematic cross section of the dual opposed piston linear cooling
engine.

Specified Performances of the SIGNAAL USFA Cooting Engines

When specifying cooling engines with capacities of 0.25 W, 0.5 W and 1.0 W, SIG-
NAAL USFA is given performances which have been measured at the top of the
interface and are valid at the specified high ambient temperature level and at the end
of the guaranteed lifetime. As shown by the tables 1 and 3 the cooling power at room
temperature is much higher.

Performances of the Single Piston Cooling Engines

Technical specification:

SIGNAAL USFA produces single piston cooling engines with performances of 0.5 W
(type number UA 7041) and 1.0 W (type numbers UA 7043 and UA 7069). The
detailed technical data can be taken from the table 1 and figure 2.

Lifetime test:

The lifetime tests were carried out according to the cycle of the NVEOL B2 Specifi-
cation. Although the results of the tests for the single piston engines were presented
during the 1988 conference, they were not complete at that time since the engines
were still running. The final result of these tests, which can be found i table 2. is a
measured MTTF of 5557 hours.

Performances of the Dual-Opposed Piston Cooling Engines

Technical specification:

In recent years, SIGNAAL USFA has developed a range of dual-opposed piston
cooling engines based on the same principle as the single piston version. However,
instead of using one piston for creating the pressure wave, the new version uses two
pistons moving in opposite directions. This enables the induced vibrations to be
substantially rLrinimized.
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Ln addition, the coil/magnet configuration has been modified to reduce both mechatli-
cal dimensions and the static magnetic field which provides the system designer xith
much more flexibility for integrating the cooler into the system.

The detailed technical data are shown in table 3. Figure 3 and 4 give the performan-
ces of these engines as a function of ambient temperature and inputpower.
This version is fully compatible with USCM detectors.

Oualification test:

For qualification of these coolers in various European programmes, tests as specified
in the NVEOL B2 Specification have been performed on the 15 W version, type
number UP 7058, under the supervision of the Dutch and German Ministry of
Defense (MoD) quality depaitments.

Enza~jnmental tests:

The specified envirovmeutal tests, wL;ch were carried out mi a test centre under the
supervision of the Ger=an MoD, verified that the UT 7058 cooler meets all environ-
mental requirements.

L~fetinme tests

I.fetime tests in accordauct with the 24 hours temperature cycle of the B2 Specificati-
on we-re performed in SIGNAAJ, USFA's laboratories under the constant supervision
c the Dutch MoD. For thes,. tests, eight coolers ,eme taken at random from one
production batch and placed i. the test set-up in two sessions.

Results:
It was specified that one. of the criteria for disc,ýjtinuiug and removing a cooler from
the test should be, the input pover exceedling 55 W. In the gapLhs of the eight coolers,
shown in figure 5 two distinct groups are cleardy visible. The degradation in the first
group is explained by the instable functioning of the test set-up. After rectifying the
weak points, the discontinued coolers were replaced by the secoud group of 4

identical coolers.

The report of the test results, therefore, can b; divided ;nto the two sessions which
,are shown in table 4. Two coolers are currently still runni:g with out any signs of

degradation. The results available at this time indicate a measured ,MTW of 3582
hours and 4429 hours respectively.

To minimize the thermal losses between cojdfinger and the dewar'detectec SIGNAA.L
USFA has developed a wide range of thermal uitert'acis •--•iored to the vaniouls
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dewars. The flexible interfaces on top of the coldfingers will compensate the tolerau-
ces in the length of the bore in the dew-ar and produce a relativel, constant prCssure
to the detector for optimum contact within the operational temperaturerangc. In
specifying the ccldproduction of the various coolers SIGNAAL USFA has takea in
account the thermal resistance of the inuerfaces. Next to the thermal advantages the
use of the interfaces will give less risk in the demouuting of the cooler/detector
combination. Figure 6 give some examples of the applied interfaces including the
thermal resistance.

Compariscsin~jgle piston to dual o posed piston cooling enýires-

After concluding that the overall thermal performances of both versions cooolinig
engines are at a equivalent level we have to notice that big advantages of the dual
opposed piston versions are the lower weigth and smaller dimensionas which make
them compatible with the USCM. But the extreme low levels of acoustic noise,
EMI,and mechanical vibration r.-ake the dual opposed piston version superior to the
single piston ver-siou and will give the designers a greater flexibilit, n the s-stem
configuration. A glossary of the key data are given in the table 5.
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expansion space
displacer/regenerato,"
displacer spring -\

piston -

coil
magnet --

cilinder

Figure 1 Scheniauc crcs section of the dual opposed piston cooling engine
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TECHLNICAL DATA

NOMINAL VALUES @ 23C

SINGLE PISTON COOLI'G ENGINES

COOLER UA.. 7041 704 27069

COOLING POWER 0-5W 1.5W 1.3W
COOLDOWN TIME <:7 < 10 < 10

minutes
COOLING TEMP 80K 80K 80K
I/P PUWER 50W 55W 55W
30V, 50Hz max max max
COLDFINGER diam, 7 mm 10 MM 10 mm
COMPRESSOR diamn 71 ram 71 mm 71 MM

GENERAL
,IV 3500 OPERATING HOURS
STORAGE LIFE 10 YEARS
TEMPERATURE RANGES:
OPERATING - 40 *C TO + 71 C
STORAGE - 40 *C TO + 90 *C

Table 1

COOLING POWER @ 80K
Single Piston Engines

Cooling Power (mW)
21000

15001

1000

500

01
0 10 20 30 40 50 60 70

Input power (W)

SUP 7041 - UP 7043

FIGURE 2
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RESULTS LFETIME TESTS UA 7041
SINGLE PISTON COOLING ENGINE

1988 END TEST

COOLER 1339 2525* 2525
COOLER 1355 2809 8805
COOLER 1357 1408* 1408
COOLER 1362 2625 4410
COOLER 1504 1351 8478
COOLER 1515 591 7718

TOTAL 33343 HRS

AVERAGE 33343 / 6 = 5557 HRS

Table 2

TECHI-CAL DATA

NOMLNAL VALUES @' *3C

DUAL OPPOSED PISTON COOLENCi EINGLNES

COQLER P.. 7M5.. 707 70a

COOLING POWER 0.5W 0.7W 1-5W
COOLDOWN MiE <5 <5 <5

minutes
COO LLNG TEMP 80K 80K 80K
UP PONER 30W 50W 55W
1OV, 50Hz max max max

COLDFINGER diam 5 mm 7 mm 10 MM
COMPRESSOR diam 44 mm 55 mm 55 mm

GENERAL

MTYF 3500 OPERATING HOURS
STORAGE LIFE 10 YEARS
TEMPERATURE RANGES:
OPERATING - 52 "C TO + 71 "C
STORAGE - 55 "C TO +- 90 'C

Table 3
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Cooling power @ 80 K
Dual Opposed Piston Engines

Cooling Power (MW)
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200 220 240 260 280 300 320 340 360
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UP 7056 - UP 7057 - UP 7058

FIGURE 3

Cooling Power @ 80K
Dual Opposed Piston Engines

Cooling Power(mW)
2000

1500!
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0' -
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Input Power (W)

U--- P 7056 UP 7057 UP 70.53

FIGURE 4
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RESI-LTS LIFETIE TEST'S UP 7058

DUAL OPPOSED COOLING ENGINE

COOLER START END RUNNING HOLJRS

0632 18 06 1991 30 09 1991 1853
0634 18 06 1991 03 12 199! 2643
0638 18 06 1991 04 01 1992 3331
0639 18 06 1991 05 01 1992 3112

0635 09 10 1991 06 07 1992 4171
0633 16 12 1991 5356 **

0627 03 02 1992 06 10 1992 3951
0628 03 02 1992 4240 **

COOT .FPS 1 TO 8 3582 hrs **

COOLERS 5 TO 8 4429 brs

"COOLERS ARE STILLT RUT'NI'G
Dated: 1st November 1992

Table 4 Lifetime Test UP 7058
ot 4-23 C amwent,. (x everits)
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PL-CP--93-1001 COMPARISON

DUAL AND S[NGLE PISTON ENGI3NES

TYPE UA 7043 .IP 7058

VERSION SINGLE PISTON DUAL PISTON

COMPRESSOR dia 71 mm 55 mm
length 145 mm 122 mm

WEIGTH 2.1 kg 1.8 kg
VIBRATIONS ( 25 N peak (1.1 N peak

with balancer
E.M.I. 82 dB uA/m Typ. 58 dB uAim Typ.
STATIC FELD (70 mT (0.5 mT
INPUT POWER 55 W 55 W

VOLTAGE 30 V rms 10 V rms
CURRENT 1.9 A rms 5.6 A rms

Table 5

UP70S7 UP 0c a8 uP 05s9
UP'056 UA 7 I41 UA 069 UA704.4

Ic=:

1F_

Figure 6 Some examnples of applied theimal interfaces
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PRESENT LIFE-TESTING STATUS OF "OXFORD TYPE" CRYOCOOLERS

FOR SPACE APPLICATIONS

C Jewell', T Brads!Naw 2 , A Orlowska2 , and B JoneS3

1Thermal Control and Heat Rejection Section, ESA, 2200AG Noordwijk, The Netherlands
2 Rutherford Appleton Laboratory, Chilton, Oxfordshire, UK.

3 British Aerospace PLC, Bristol, UK.

ABSTRACT

Both in Europe and the USA, numerous "Oxford type" cryocoolers are being baselined for
nulti-year space missions. One of the main reasons for such a choice is the belief in the
above coolers long term unattended operating ability. This paper, while concentrating on
work performed at ESA/ESTEC, Oxford, BAe, and RAL, collects data from several
sources in an effort to investigate the confidence for such long term operation. It concludes
that the "Oxford type" cryocooler has indeed a proven multi-year potential, with a strong
likelihood of reliable operation over periods in excess of five years.

Keywords: cryocooler, long-life, space.

1. INTRODUCTION

Since the early 1970's a strong requirement has existed for multi-year ciyogeruic cooling in
space. Such a requirement came mainly from earth observation and scientific instruments
where strict mass and volume constraints inevitably led to the need to develop the only
technically feasible solution - a cryocooler for space applications. Unfortunately, initial cry-
ocooler development programmes were not as successful as hoped for, with machines that
were either too heavy, too power hungry and failed after limited operating times. However,
after a development programme initiated in the late 70's by the University of Oxford and
continued by RAL and ESA, a single stage Stirling cycle cryocooler based on ihe "Oxford
type" design (ref 1) now seems to be generally accepted as a viable basis for most cryocool-
ing applications in space. Initial confidence that such "Oxfcrd type" coolers were capable
of long term unattended operation came from a design which eliminated all rubbing sur-
faces, and the experience with flight proven pressure modulator mechanisms ( section 2 ).
Increased confidence which comes with long-term life testing, by its very nature, has not
progressed as fast as would have been wished, although three units have now operated for
over one year each in space. Therefore, with such potential European projects as MIPAS,
FIRST and Meteosat Second Generation requiring operational life times of approximately
3years, 3 to 6 years, and 7 years respectively, a life testing programme with the goal of
increasing confidence in the coolers reliability predictions is still of major importance.

This paper will try to give an overview of the "Oxford type" reliability status with emphasis
on the single stage Stirling cycle cooler, although references are made to further develop-
ments such as 20K & 4K coolers (ref 2) which are based on similar mechanisms. In section
2 the cooler mechanism is described and the initial reasons for confidence in the long life
operation of the cooler given. In section 3 the accumulated hours of several "Oxford type"
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coolers are given with details on certain selected coolers, and finally in section 4 the results
and future work are discussed.

2. THE BASIC MECHANISM

The basic mechanism on which all the "Oxford type" Stirling coolers (Fig 2.1) are based is
a motor similar to that used in loudspeakers, driving an oscillating piston suspended on dia-
phragm springs. A clearance around the piston acts as a seal with the motor operating at
approximately 40 Hz and the radial position of the piston maintained by the springs. The
drive is via the moving coil motor and the shafts axial position is sensed by an inductive or
capacitive pick off. The oscillation is maintained by a servo loop which now according to
the level of expo~rted inherent cooler vibration required can be amplitude, acceleration or
even force controlled. Initially such a mechanism was used by the University of Oxford as
a pressure modulator which selectively absorbed molecular emissions at pre-selected wave-
lengths. In the 70's such pressure modulators were successfully used in space on three
instruments ( PMR on NIMBUS 6, SAMS on NIMBUS 7, and VORTEX on Pioneer Venus)
for operating lifetimes of 3, 7, and 1 year respectively. Therefore, with the absence of any
rubbing surfaces, the operation of the diaphragm springs at a maximum stress below the
fatigue failure level, and the above in-orbit "life tests", in the early 80's there was already
a high confidence in the long life potential of a cooler whose design was based on the mech-
anism described above.

c~-.T UBE

LINEAR

SN.AF T

DO[API~aG

PIO( cFFPISP18

CISPLACER UNIT COMPRESSOR UNIT

Fig 2.1

3. LIFE TEST COOLERS

In the ideal world an identical set of a 100 or more coolers would have been on life test since
the mid 1980's. However, the need to continue development work and the prohibitive cost
involved in setting aside such high numbers of coolers has led to a rather haphazard
approach to the problemn of life testing. Table 3.1I is an attempt to surninarise the number of
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"Oxford Type" Cryocoolers - Hours Completed

Cooler Hours Last Update Comments

ISAMS I Oxford 7984 May 18,92 Two flight units
(4984 hrs. in orbit)

ISAMS 2 Oxford 3000 June, 91 Two flight spare units

ISAMS Life Test 30560 Sept, 91 Failed Sept 91. Re-built

ESA/ESTEC 41933 Nov 9,92 Presently running

ATSR >10600 Nov, 92 One unit in orbit

BAe DMI 1396 Oct, 90 Re-furbished AIRS cooler

ESA DM2 1470 Oct 90 Re-furbished 65K cooler

BAe 2-Stage Cooler 7519 Nov, 92 2058 hrs horizontal

BAe Prod. Coolers
1. NLR 690 Feb, 92 One cooler to be launched
2. NLR 1080 Feb, 92 on HTSE expt. in 1993

3. JPL 2850 Mar, 92 Extensively tested

4. TRW 8125 Aug 3,92 5672 hrs horizontal

5. GSFC 750 May, 90

6. ESA 8835 Oct 6, 92 Tested to pre-qual. levels
7. Fujitsu 400 Sep 90 Hours at delivery

8. Fujitsu 404 Sep 90 Hours at delivery

9. Toshiba 418 Jan 91 Hours at delivery

10. BAe 10750 Oct 6, 92 BAe life test cooler

11. Toronto Univ. 1143 Aug, 92 Evaluation coolers

12. Toronto Univ. 1843 Aug, 92 for -- OPIT

Pressure Modulators

NIMBUS 6 (PMR) 3.0 yrs 2 units in-orbit

NIMBUS 7 (SAMS) 7.0 yrs 7 units in-orbit

Pioneer Venus 1.0 yr I unit in-orbit

Table 3.1
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operating hours for present day "Oxford type" coolers that are running as sealed units. The
rest of this section gives a more detailed view of certain selected coolers:

3.1 ESTEC Cooler

3.1. 1 History & Test set-up.

The ESTEC cooler (Fig 3.1) was ordered from Dr S Werrett (University of Oxford) on the
14th May 1986, and delivered to ESTEC on the 4th May 1987. It was built to an earlier
design of the coolers presently flying on the instrument ISAMS (section 3.3) The original
objective of the cooler was not that of a life test cooler but one of assisting instrument test-
ing in the Space Science Division within ESTEC. When it became clear that the coolers
original goal could no longer be realised the cooler was put on life test in the Mechanical
Systems Laboratory at ESTEC. This life test was only intended to demonstrate the long life
potential of the cooler mechanism and the cooler has never undergone environmental test-
ing (i.e thermal vacuum or vibration testing). Unfortunately the cooler build is practically
undocumented and information relating to the cooler prior to its delivery to ESTEC has
been obtained verbally from its "builder" Dr S Werrett. Tragically with the recent death of
Dr S Werrett this source of information is rio longer available. However, it should be noted
that the ESTEC cooler was certainly not baked-out to the same level as the Oxford lifetest
cooler (section 3.2) and a possibility exists that it had indeed not been baked out at all (pri-
vate communication 02/06/89).

Fig 3.1

In the life-test bench set up at ESTEC the following points are worth noting:

- the temperature sensor is a calibrated 100 ohm platinum resistor, measured with a 4-wire
resistance bridge.

- there are six 80micron diameter copper wires of 100mm length between the vacuum feed-
through and copper cold finger. This is estimated to give an increase of approximately
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30mW to the parasitic heat load.

- the temperature sensor and a 820 ohm metal film resistor used as a heater have been glued
into a block of aluminum (16 x 8 x 8 mm ) which is clamped onto a copper cold finger
adapter with two M3 bolts.

- the vacuum housing is made of stainless steel and after initial pump down with a cryo-

pump is left connected to a 201/sec ion pump.

- laboratory electronics built by Oxford University are used to control the cooler.

- true nns wattmeters were used to measure the compressor and displacer power input from
15/03/89 onwards.

3.1.2 Life test data & discussion

The life testing of the ESTEC cooler started as a very low key affair with no pre-defined
test programme in mind. Therefore the results presented in this section are open to criticism
with respect to the scientific approach taken. Nevertheless the data is considered of partic-
ular interest when it is taken into account that this cooler as a sealed unit and with no serv-
icing has operated for over 41,000 hour. '4.7 years), which is thought to be a world record.

Before finally sealing the gas via crimping in early 1987, the ESTEC cooler was filled at
Oxford to 1.4MPa at 20 C, and since transportation to ESTEC has run in a laboratory envi-
ronment at an ambient temperature of 20 +/- 2 C. For the vast majority of the time the cooler
has been run at fixed control unit settings corresponding to a frequency of 40.0 Hz and a
phase angle between the displacer and compressor of 65 degrees. The compressor and dis-
placer demands have also been left constant giving a peak to peak stroke of 7.96mm for the
compressor and 2.56 mm for the displacer. No attempt has been made to simulate long term
operation with a heat load, although the heater on the cold finger has been used during the
life test period. The cooler offset was also checked to be correct and left unchanged during
operation. Figs 3.2 to 3.4 show the evolution of the coolers base temperature with operating
time, were the following points are of relevance:

1) Continuous cooler operation was started on the 29th February 1988, at which point the
cooler had already run for 1443 hours.

2) After 918i, 10767, and 12055 hours of operation the heater was activated in order to
measure cooler load lines, parasitic heat loads, etc.

3) At 14696; 17408; 19045; 20693; 20820; 31589; 35257; 37140; 38837; and 40134 hours
the cooler, due to planned events or electrical trips was allowed to rise to room temperature
for varying periods of time. The cooler was then re-started maintaining nominal cooler
drive settings.

4) Cooler shell temperature, room temperature, level of vacuum, and true RMS power input
into the compressor and displacer, were also measured but not presented here.

It can be seen from these results that there is a time dependent performanc, degradation,
with a big "jump" at 12055 hours, whiLh is systematically recoverable on warming up the
cooler to room temperature and cooling down again. The following points should be noted:

- the vacuum installation was frequently tested and no leak has been found at the < I0e-08
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mb litre/sec level. Also the degradation seen seems too high to be explained by water
vapour condensing on the outside of the cold finger when an increase of 40% in the absorp-
tion would require t-3 micron;- of ice.

- the degradation is still recoverable after only hours at 300K.

Since no drift away from the nominal cooler drive settings have beer, found, and the possi-
bility of a mechanical fault with such a behaviour is not considered likely the authors
believe that the performance degradatiin is due to internal cooler condensibles, probably in
the regenerator. This hypothesis seeris to be even more likely when it is re-called that the
ESTEC cooler was probably not baked out but flushed prior to final crimping.

3.2 Oxford life test cooler

In the mid 80's a prototype Oxford cryocooler of a similar design to that which is presently
running at ESTEC underwent a programmed lifetest (ref 3). This lifetest started with one
unit being vibrated to levels shown in Table 3.2 and then operated for 6438 hours before the
displacer failed. On strip down of the displacer (the compressor remaining intact) the failure
was found to be caused by the short circuiting of one of the static wires leading to the drive
coil which had been incorrectly positioned on assembly. Since no signs of wear or fatigue
of the displacer mechanism were found, another displacer from the same batch of prototype
coolers was connected to the lifetest compressor, the "new" cooler vibrated again to the lev-
els shown in Table 3.2, and allowed to run in a continuous manner in a laboratory environ-
ment. After 21313 hours of displacer operation, and hence 27751 hours of compressor
operation, problems were experienced with the displacer which eventually entailed the end-
ing of the life test in September 1991. At which time the compressor had achieved 30,560
hours of operation.

Frequency (Hz) 20-120 120-600 600-2000

Power SpectralDweni Se+ 9 db Oct-1 0.08 g2 Hz--1  -9 db Oct-1Density

Table 3.2

Under strict QA control the cooler was "stripped down" and the problem identified to be
one that had already been designed out at the ate prototype stage. Therefore,the cooler was
re-furbished and is expected to be put back on continuous life test in the near future.

3.3 In-Orbit Coolers

Although not strictly life test coolers there are presently "Oxlord type" coolers flying on
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,wo earth observational instruments in space. These instruments are the LI,-proved Strat-
ospheric and Mesospheoic Sounder (ISAMS) on the american satellite UARS, and the
Along Track Scanning Radiometer (ATSR) on the European satellite ERS- I. The ISAMS
cooiers consist of two split Stirling cycle coolers which have evolved from a design
described in sections 3.1 & 3.2 of this paper. The ATSR cooler (built at RAL) uses the same
diaphragm spnings and clearance seal technology, but is built in one unit with two compres-
sors working back to back directly feeding into a single displacer. Both coolers have been
extensively docamented up to their launch dates on the 16th July 1991, and the 8th October
1991, for ERS-I and UARS respectively.

In orbit, the ATSR cooler has pe-rformed nominally since its commissioning in August 1991
with no sign of any cooler related performance degradation. It has presently (November
1992) run for approximately 10,600 hours with an instrument lifetime specification of 2 to
3 years. Further data is expected when a nearly identical cooler is to be flown on a follow'-
on missior. ERS-2 in 1994, for the instrument ATSR-2.

With respect to ISAMS technical problems not associated with the cooler have caused sev-
eral long periods of non-operation. Presently, problems with the chopper drive motor have
put in Joubt the future operation of the instrument but the coolers when running have per-
formed nominally, and have achieved the running hours mentioned in Table 3. 1.

3.4 BAe Production Coolers

In 1986 in order to ensure a future ,,upplier for potential European users the ESA placed a
contract with BAe which Lransferred the Oxford cooler technology to industry. After the
end of this contract in 1988 a cooler build standard was specified from which present BAe
productimnn coolers air built. So far the production moIdel coolcrs that have beeo built tw thils
standard are s;hown in Table 3.1 although six more coolers are presently on-line. The oper-
ating hours in Table 3.1 are frequently updated but unfortunately visibility is not always
easy. While the coolers in Table 3.1 were delivered after a 400 hour "run in " period (with
acceptance level testing basehined for future coolers) it Fhould be noted that two of the cool-
ers number 6 and number 10 have undergone extensive environmental testing (ref 4) to pre-
qualification levels. This testing has included sinusoidal vibration testing to levels in Table
3.3, thermal vacuum testing, EMC testing and self induced vibration measurements. Both
these coolers are operating nominally and are scheduled to continue their life tests.

Sinusoidal Vibration (each orthogonal axis)

Frequency Level

5-18 +1- 11 mm (0 - peak)

18- 60 +/- 15.0 g (0 - peak)

60-100 +/- 6.0 g (0 - peak)

Sweep Rate 2 -)ctaves/minute, I sweep up anddown. No notching.

Table 3.3
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Other production coolers worth mentioning in more deticil are coolers 3 and 4 delivered to
JPL and TRW respectively. The JPL cooler has been extensively used for characterisation
work which ha.,. included measurements of cooler sell induced vibration, coid finger para-
sitic heat leak, EMC and a comprehensive performance mapping (ref 5). The TRW cooler
was intended ats a demonstrati6n model while gaining useful life test data and is now on
loan to Los Alainos for system integration work. It is interesting to note that the TRW
cooler has run 5672 hours in a horizontal position.

3.5 Other Coolers

Other coolers out of the initial batch of six Oxford prototype coolers have only been used
for development purposes, but have been estimated to have run for periods ranging up to a
few hundred hours each. While moving forward historically two development model cool-
ers DM1 and DM2 were built in 1986. The BAe DMI ran for 1396 hours before being re-
configured into a 55K ,o.,(,lcr for the US instrument AIRS, and the ESA DM2 ran for 1470
hours (despite beiný vibrated to qualification levels twice) before being re-configured into
an optimised 65K c .Other single stage coolers based on the Oxford design have been
operated over long periods but none are known to have run as sealed units.

Finally, as an example of the ability of the design in maintaining its long life potential, a
20K duai stage Stirling cycle cooler development based on the Oxford mechanism was ini-
tiated in 1985 by RAL, with the help of ESA funding. The 20K cooler has two seperate
compressors working back vi back feed;rig a dual stage displacer. The RAL 20K cooler
used as a pre-cooler in RAL/ESNs devel, ment model 4K cooler has run for a few hundred
hours before being presently re-furbished. Of more significance a 20K cooler (ref 6) built
at BAe under another ESA transfer of technology contract has completed ove )00 hours
of operation without any pertormance degradation, 2000 of which were in a ho'. .ntal posi-
tion. This ESA 2()K cooler successfully negotiated a similar environmental .i.sting pro-
gramme as the ESA (No 6 ) production cooler and is due to undergo a minimum of 5 years
life testint, -t BAe.

4. DISCUSSION

As can be seen from section 3 a significant amount of both terrestial -'id in orbit data has,
and is continuing to be collected on sealed "Oxford type" cryncoolers. This data is being
acquir. d in a rather haphazard manner, but is still significant and adds enormously to the
confideue in long life cooler operation, which was initially based on the design similarity
with the pres.sure modulators described in section 2. At preýent nearly 8 sealed units have
operated t-lr over a year, with 2 units achieving over 3 years of operation. Since many

,,;true.,. 1iave lifetimes of the order of 3 years and are presently ,_ ilikely to be flown
tbho i'l k," redundaiwy, a significant barrier is likely to be broken in early 1993 when a

statistically viable number of coolers will have passed 18 months of operation. Of course
.sucL lift .ting should continue for as long as possible, but already with the Oxford and
ESTEC life test coolers, reaisonable confidence can be had in extremely lutng life times of
the order of45 years oz more. Such long lifetimes start to raise further questions with respect
t,, the reliability o; other mcch inisms in the ir,,trwinent, such as choppers. moving mirror.,
the nccd i tr coo)lcr electronic co:ntrollr, r- duiJJHLcV _',c etc. 1-1twever thene does not seem
to be any (ne weak point in the cmtler de. -J "h.h '.','rtold ien tý.r the (,ocratimi tfU co!lIer
!Hr p'riods greater than 5 years itIFp.,-,. : E . w even dif u11 to N-2. . c,. kr*ii .g future
vimk. with the i)ssiblc exception (1 ii;-,i r fi- s )xt rd Ui 1vr'r.it% cooler (section3... ,, II new c )o)lcrs arc expected *i .t ii, !:1c ' p' , graflhll , in fact it is possible that.
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the ESTEC cooler is taken off lifetest in 1993 for a complete strip-down and testing under
strict quality control. This is expected to rcsolve the problem of the recoverable degradation
in performance, but if arguments for a longer running period were strong enough this might
be postponed to a later date.

5. CONCLUSION

This paper has tried to bring together the operating lifetimes of various sealed cryocooler
units using the "Oxford type" mechanism. Although not conclusive by itself, it does seem
to strongly indicate that long tei -n cryocooler operation irt space is now a reality. In fact,
with the ever increasing confide.ice in their long life potential, the use of such coolers is
expected not only to render present cryogenic instruments more system friendly, but lead
to new and exciting applications, such as the possibility of long life cooling down to very
low cryogenic temperatures. The ESA is presently encouraging such an innovative devel-
opment, and within Europe a programme for very low temperature cryocoolers should see
by eaily 1993 a 4K cooler, originally developed at RAL, being built and tested at BAe to
the pre-qualification levels mentioned in reference 6. A 2.5K cooler should also be bench
tested at RAL by the third quarter of 1993. All these coolers rely heavily on the Oxford type
mechanism, and could herald a new era in the domain of space cryogenics.
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DESIGN AND TEST OF A COMPREHENSIVE FACILITY
FOR LIFE-TESTING SPACE CRYOCOOLERS

R. G. Ross, Ji. and D. L. Johnson

Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California 91109

ABSTRACT

With the growing commitment of long-life Stifling cryocoolers to multi-year NASA and
SDIO space applications, there is increasing need for quantitative data verifying the long-
term performance of the coolers and identifying any possible time-dependent degradation
or wear-out failures. To obtain such data, JPL has designed and fabricated comprehensive
life-testing facilities for use by the Air Force Phillips Laboratory (AFPL) and the Jet
Propulsion Laboratory (JPL). These life-test facilities are directed at acquiring quantitative
cooler performance data in three areas: 1) refrigeration performance including thermal
efficiency, long-term temperature stability and possible effects of contamination and wear,
2) level and stability of generated vibration including long-term performance of vibration
cancellation technologies, and 3) illumination of any wear-out or random failure mechanisms
that need to be correctod prior to flight hardware deliveries. To provide these functional
capabilities, the developed life-test chambers incorporate a number of unique features
including thermostatically controlled thermal-vacuum heatsink environments, continuous
monitoring of cooler-generated vibration, and active fault detection.

INTRODUCTION

Worldwide cooler development programs involve the development of a number of long-life
cryocoolers for future space applications. These coolers are intended to provide continuous
cooling at cryogenic temperatures from below 10K to as high as 150K for periods of time
up to 10 years; they utilize a variety of thermodynamic cycles such as Stirling, pulse tube,
turbo-Brayton, and sorption. Although thermodynamic cooling performance is a necessary
attribute, operational life and reliability is the critical parameter that separates these long-
life space cryocoolers from the relatively short life (2000 to 5000 hour life) "tactical" coolers
commonly used in ground and airborne applications.

There is an important need within the space-cooler community for thorough and accurate
data on the reliability performance of these space cryocoolers to assist both systems
developers in their design of cryogenic scnsor systems, and cooler developers in their process
of understanding design strengths and resolving identified limitations. Although early life-
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test data has become available for the first of the long-life space cryocoolers, the
Oxford/BAe 80K cooler [1], no life tests have yet been initiated on the emerging second-
generation coolers containing the advanced thermodynamic and vibration-suppression
features required for the most recent space-instrument programs.

To meet the growing requirement for comprehensive life-test data on emerging space
cryocoolers, JPI. has developed specialized facilities specifically addressed to the unique
demands of conducting life tests in simulated space environments and accurately measuring
the broad array of critical performance parameters. The development effort reflects a
combined program between the Air Force/Phillips Laboratory, Albuquerque, NM, and the
Jet Propulsion Laboratory under a combination of SDIO and NASA funding. This paper
first discusses the detailed test objective and approach addressed oy the facility design, and
then describes details of the thermal-vacuum test chambers and the performance
measurement and data acquisition system.

LIFE TEST OBJECTIVES AND IMPLEMENTATION CONSIDERATIONS

There are at least three key objectives of life testing: one focused toward management-level
needs, one focused toward the needs of the cooler development teams, and the third focused
to the needs of the cooler users or application system designers.

1) The first objective is to demonstrate the ability of a test cryocooler to operate with good
reliability over an extended period of time. This is the most general of the objectives
and is focused toward providing confidence to high-level program management needing
to judge the maturity of a particular cryocooler design and its general suitability to long-
life space missions. Meeting this objective does not require that a cooler never fail;
rather it requires that the number of failures and the type of failure mechanisms be
consistent with reliably correcting any identified weaknesses within the budget and
schedule constraints of the build cycle of a typical flight program.

2) The second objective is directed at the identification of failure modes and inadequate
design features 1.1at need to be corrected. In particular, this objective is directed at
detecting generic iong-time-constant failure and degradation mechanisms that do not
become visible until after an extended period of operation and aging. Examples include
contamination due to extended outgassing of internal materials, long-term wear of
contacting or rubbing parts, long-term thermal degradation of the physical properties
of polymers (e.g. embrittlement, cracking, shrinkage), fatigue of cyclically loaded
elements, long-term breakdown of electrical insulation materials, loss of dimensional
stability of close tolerance parts, long-term creep of materials operating at high
homologous temperatures (solders, polymers, gasket materials), and long-term drift of
electronic component parameters. Although every attempt is made to adequately
address long-time-constant mechanisms during the cryocooler design process, extended
life data covering such mechanisms is often unavailable, and some critical issues are
likely to escape early detection. Because such mechanisms are often common to every
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cooler of the same design, even a single test cooler is often quite effective in identifying
such mechanisms. On the other hand, long-time-constant mechanisms that stem from
inadequate process control--such as cooler cleaning and outgassing, or part machining
and assembly accuracy--generally require multiple test coolers to quantify the likely
variability.

3) The third objective is to accurately quantify any long-term change in cryocooler
performance that occurs over time. Although many long-time-constant mechanisms
identified as part of the second objective cause catastrophic cooler failure and need to
be corrected, others can lead to gradual erosion of performance, and be quite
acceptable if properly taken into account during the application design process. This
third objective is to accurately quantify the level and nature of any gradual change from
initial beginning-of-life performance so that system designs using the cooler can
introduce the necessary performance margin to account for the expected change.

To meet the above objectives, particularly the second and third, it is necessary to: 1) identify
the cooler performance attributes of interest and how they can best be accurately monitored,
and 2) identify the operating mode and environment that will best surface the critical long-
term degradation and failure mechanisms without causing extraneous problems.

Key Performance Attributes

The primary cooler performance attribute of interest is cooler cold-end heat capacity and
its stability for a given set of fixed input conditions such as piston stroke and input power;
that is, constancy of refrigeration efficiency over many years. Stability of cold-end
temperature over lesser periods of time is also important and relates to the ability to hold
the cold end at a fixed temperature over time without excessive closed-loop temperature
control.

In addition to cooler thermal performance, the ability of the cooler to maintain acceptably
low levels of generated mechanical vibration over many years is also a critical issue for most
precision space-instru.-Ient applications.

Test Environment Considerations

Because the degradation rate of most aging mechanisms is strongly dependent on ambient
temperature, utilizing elevated temperatures to shorten the required test time is common
in the field of life testing. Unfortunately, the presence of tight temperature-sensitive
alignments and tolerances in most cryocoolers makes exposure to abnormal temperatures
likely to cause rapid unrealistic failures that are not coupled to the real failure mechanisms
of interest. This, combined with the fact that refrigeration efficiency is also highly sensitive
to temperature, suggests that achieving realistic levels and tight control of operating
temperature is key to being able to accurately measure long-term performance trends. This
high sensitivity to temperature also argues for testing the cooler throughout its allowable
flight heat-sink temperature -e. typically from e to 40'C for space cryocoolers, but not
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significantly beyond this range.

A second important life-test consideration is the issue of continuous operation versus start-
stop cycles. The length of operating periods has been found to be critical to the gettering
of both internal and external contaminants to the refrigerator cold-end. Long, multi-week
continuous operating periods, typical of space-cooler applications, have been found to be
more sensitive to contamination than short multi-hour periods typical of tactical applications.
On the other hand, periodic turn-off cycles every few weeks, which are common in space
flight, are also well known for initiating failures associated with differential-expansion and
fatigue mechanisms. For example, Fig. 1 illustrates the power turn-off cycles required for
the Oxford University ISAMS instrument to periodically decontaminate the cold-end
components attached to the instrument's two Oxford 80K Stirling cryocoolers [2]. The fact
that the rate of contamination in Fig. 1 decreases each cycle suggests that the contamination
is external to the cryocooler; thus, the turn-off cycles provide valuable evidence about the
nature and location of the contamination. Life-test data on tactical coolers also supports
the importance of periodic turn-off periods involving warming to room temperature, and
suggest that cycling can cause contaminants to redistribute in detrimental ways within the
cold-end.

Life-test data gathered by the European Space Agency (ESA) on the Oxford University 80K
cooler also shows that contamination mechanisms can be quite sensitive to the cooler cold-
end temperature. In the ESA tests, the level of observed degradation was dramatically
greater when the cooler was under load, than when the cooler was under no-load [1].
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Fig. 1. ISAIMS Oxford Stirling cooler performance in orbit aboard the NASA Upper

Atmosphere Research Satellite (UARS).
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We conclude from these data that a life-test cryocooler should be run at the expected
application temperature (as opposed to under no-load conditions) and be periodically turned
off and allowed to reach room-ambient temperature. Because buildup of contaminants has
a relatively long time constant (many days), turn-off cycles should probably be conducted
on the order of once per month for space cryocoolers, similar to the ISAMS flight history
shown in Fig. 1.

As a last consideration, launch vibration can cause contact of otherwise non-contacting parts,
thus leading to possible deterioration of critical alignments or generation of wear products.
Since launch proceeds long-life operation in space, it is desirable to precondition the cooler
prior to life testing by subjecting the cooler to flight-acceptance levels of launch vibration
testing.

JPL LIFE-TEST IMPLEMENTATION APPROACH

In response to the above performance measurement needs and operating environmental
sensitivities, the selected life-test implementation incorporates the following features:

1) The chosen fundamental measure of cooler performance is input power required to
maintain the design cold-tip thermal load at the design cold-tip temperature (e.g. power
required to maintain 2 watts at 65K). This power (or specific-power) performance can
be most easily obtained by operating the cooler continuously at the desired fixed cold-tip
temperature and cold-tip heat load. Unfortunately, many space coolers have only
manual stroke control, and have no closed-loop means of temperature control. For
manual-control coolers it is proposed to maintain operation near the desired load point
(within 2QC) using periodic manual updating of the cooler stroke or applied heater load,
and then to interpolate to the design-point specific power using the near-constant shape
of the specific-power curve in the vicinity of the design point.

2) To provide the necessary stable environment to gather the power performance data, the
life tests are conducted in a simulated space thermal-vacuum environment with carefully
controlled heat-sink temperatures. This approach, which has been successfully
demonstrated as part of JPL's extensive cooler characterization program [3,4], requires
that the cryocooler reject its heat conductively--as in space; this results in realistic
operating temperatures and thermal gradients within the cooler. Experience has shown
that the heat sink temperature is accurately controllable and allows small deviations in
cooler thermal performance to be monitored; the fluid-loop heat rejection system also
allows the heat sink temperature to be easily varied throughout the flight temperature
range (e.g. 0 to 40'C).

3) During life testing the cooler heatsink is slowly stepped throughout the flight
temperature range; the cycle includes continuous cooler operation over sequential five-
week periods; during each continuous-operation five-week period the heatsink
temperature is varied weekly with sequential one-week operating periods at 200, 00, 200,
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40, and 20'C, respectively. Each five-week sequence ends in a programmed cooler
turn-off and warm-up to the 20'C heatsink temperature. The one-week duration at each
heatsink temperature is chosen to allow adequate time for accurate temperature stability
measurements to be made, and to allow repeat data to be acquired every two weeks at
20'C and every 5 weeks at the extreme (00 C and 40'C) temperatures. The turn-off
excursion once every five weeks is bracketed by 20'C environments to allow accurate
comparison of performance before and after the excursion.

4) In addition to the thermal performance, cooler generated vibration levels and spectrum
are also measured over time; this is to assess changes in the vibration levels and
spectrum caused by possible cooler degradation, or degradation of the vibration-
suppression control electronics. The measurements are limited to qualitative measure-
ments because precision multi-axis quantitative measurements would require a well-
isoiated, high-rigidity in situ vibration dynamometer for each cooler under test; this is
considered beyond the scope of a life test. To achieve the high-quality qualitative
measurements of vibration in the primary cooler axis requires that the thermal-vacuum
test chambers be vibration-isolated from extraneous vibration sources such as vacuum
pumps, chillers, and other coolers.

DETAILED TEST FACILITIES DESCRIPTION

Thermal Vacuum Test Chambers

The JPL developed thermal-vacuum test chambers, shown in Fig. 2, are custom-fabricated

Fig. 2. JPL lifetest chamber installation overview,
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24"-diameter bell jar assemblies connected to a central vacuum pumping system that uses
a high-cleanliness turbo vacuum pump. Each chamber is equipped with an instrumentation
collar to accommodate electrical and cooling-fluid feedthroughs, and a baseplate that is
drilled with a pattern of tapped bolt holes to accommodate mounting of the test cooler
within the chamber. An autoclosing gate valve is used to seal off each chamber from the
central vacuum pumping system in the event of a pumping failure, and to allow a chamber
to be opened while other chambers are under vacuum. Separation of the vacuum pumping
system allows the pumps to be remote from the test chambers to minimize vibration, EMI
and noise in the immediate vicinity of the cryocoolers under test. It also allows a single
spare vacuum pump to back-up the total vacuum system in the event of a pump failure.

To allow cooler vibration measurements to be relatively free of background noise, each bell-
jar assembly is vibration isolated from its structure using auto-leveling pneumatic air springs;
this gives the bell-jar assembly a first natural frequency below 10 Hz, thus providing
significant vibration isolation at the cooler drive frequency and harmonics.

Temperature control of each cooler is provided by a central fluid loop driven by a remotely
located chiller system. The chiller system provides a flow of coolant at a temperature set
approximately 10C below the desired heatsink temperature for the cryocoolers. Like the
central vacuum system, the remote location of the chiller and fluid pumping system
minimizes vibration, EMI, noise and heat dissipation in the immediate vicinity of the
cryocoolers under test.

To achieve accurate temperature control of each cooler heatsink (separate ones for each
compressor and displacer) each bell-jar assembly is served by two fluid streams from the
central chiller, and each stream is equipped with its own independent metering valve and
temperature controller. Each fine-tuning controller actuates an inline immersion heater in
its fluid stream to raise the individual heatsink assembly to the desired set-point value.

To provide for temperature control of each cooler element (e.g. compressor and displacer),
a design-specific fluid-loop heat exchanger heatsink assembly is fabricated to interface to the
cooler's heat rejection surfaces intended to be used in space. Each heatsink assembly also
structurally supports tfie cooler element from the chamber base-plate via the vibration force
transducers. Each cooler element is electrically connected to its manifacturer-supplied
electronics via fe .1-throughs through the chamber coilar. Fig. 3 shows the heatsink
assemblies and structural supports for the British Aerospace (BAe) 80K cooler under life-
test at JPL.

Followii g instrumentation of the cryocooler cold-tip with appropriate load heaters and
cryodiodes, the cold finger is isolated from the chamber thermal radiation environment using
a carefully manufactured canopy of multi-layer insulation (MLI).

Instrumentation

Life-test instrumentation includes all measurement transducers and their necessary
conditioning electronics that interface to the data acquisition system. The total chamber
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Fig. 3. Design-specific heatsink assemblies for JPL's BAe 80K cooler.

instrumentation falls into seven categories: 1) heatsink and cooler external case
temperature transducers and conditioning electronics, 2) cold-tip cryodiode thermometry,
3) cold-tip heaters and power supplies, 4) cooler piston and displacer amplitudes, 5)
compressor and displacer true-RMS power parameters, 6) vibration force transducers and
conditioning electronics, and 7) chamber vacuum level instrumentation.

In the JPL-developed system, heatsink and cooler case temperatures are measured using
thermocouples, as are ambient temperature and cooler drive electronics temperature. Cold-
tip temperature is monitored via redundant Lakeshore Model 470 cryodiodes mounted to
the cold tip. The level of vacuum in each bell-jar system is continually monitored using a
cold cathode gage with integral alarm levels. The gage is used to shut the chamber gate
valves in the event of loss of vacuut

The cold-tip heater is either supplied by the cooler manufacturer, or is a (-500 ohm)
precision thin-film resistor mounted in a custom fabricated mount for integration to the
cooler coldfinger. It is important that the cold-tip heater only be actuated when the cooler
cold-tip is cold and the cooler is operating; if the cooler is not running, application of cold-
tip heater power can rapidly overheat and damage the cooler cold-tip. An important
function of the data acquisition and control system is to protect against a misapplication
of cold-tip heater power.

Conditioned analog signals (- 1 volt per mm of stroke) representing the cooler piston and
displacer amplitudes are monitored from the manufacturer-supplied cooler drive
electronics. The input power to the cooler compressor and displacer are measured using
a true-RMS digital power analyzer inserted into the cooler drive power cables. Correction
to the power measurements must be made for IR power dissipation in the cooler leads
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Fig. 4. Excellent low-noise vibration spectrum measurement of BAe 80K cooler in JPL
lifetest chamber.

between the cooler and the power meter. This is done by subtracting the RMS current
squared times the wire resistance from the power reading.

Cooler-generated vibration forces are measured using a piezoelectric force ring mounted
between each cooler element (displacer and compressor) and the chamber base plate. These
force transducers have a sensitivity range from 0.002 pounds to 100 pounds and are fed to
the data acquisition system for spectrum analysis and A/D conversion. Figure 4 illustrates
the excellent vibration spectrum achieved with JPL's BAe 80K cooler mounted in the life-
test chamber. The low level of background noise achieved in the life-test facility compares
favorably with the results achieved with JPL's 6 DOF force dynamometer with a 4000 pound
seismic mass [5,6].

Data Acquisition and Control

The data acquisition and control system is responsible for sequencing the overall cooler test
operations, logging the cooler performance and environment data in engineering units,
archiving the measured data to mass storage (hard-disk, floppy, and back-up tape),
providing realtime display of cooler performance parametcrs, and providing for cooler and
system fault detection and safety shutdown. Final preparation of camera-ready plots of
performance is done off-line, using the mass storage files, as part of the data reduction and
documentation function.

The JPL data acquisition and control system is built around a 386 desk-top PC
microcomputer that contains a GPIB board to interface to the IEEE 488 instruments, a

756



P.,-CP--93-1001

relay board for controlling external on-off functions, and a fast A/D converter for acquiring
vibration analog data; standard hard disks, floppies, and back-up tape transports are used
for data archiving.

In addition to measuring and archiving the data, the life-test PC also tracks key
performance parameters relative to preset bounds that indicate acceptable performance or
dangerous out-of-bound operation. If the occurrence of an out-of-bound performance
parameter is noted, the computer relay board is commanded to turn off the cooler and light
a visual warning indicator. Key performance parameters to be monitored against fault
levels include: compressor and displacer stroke, compressor and displacer power, cold-tip
temperature, cold-tip heater power, and heatsirk temperature. Separate control of the cold-
tip heater is provided to enable the cold-tip heater to be actuated only when the cooler is
turned on and running and the cold-tip has a temperature below 200 K.

SUMMARY

The recent development of a number of long-life miniature cryocoolers has led to an
explosion of interest in multi-year-life space cryogenic instruments. To assist the space-
instrument user community in understanding and applying these important new cryocoolers,
the JPL has undertaken the development of specialized cryocooler life-testing facilities
under ihe sponsorship of SDIO/AF Phillips Laboratory and the NASA Eos AIRS project.
Over the coming months important space cryocoolers are scheduled to begin life testing in
these facilities at JPL and at the AF Phillips Laboratory in Albuquerque, New Mexico.
These tests are expected to provide extensive !ife-test thermal-performance and vibration
data on key cryocoolers of interest to the space instrument community.
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ABSTRACT

Stirling cryocoolers with a single stage of expansion routinely

achieie cryogenic refricgeration temperatures of 70 K. Lower

temperatures can be achievcl with multiple expansion stages

arranged 'in series', 20 K with two stages, and less than 10 K with

three o- four stages. Multiple expansion Stirling power systems

are als,- in prospect particalarly for exhaust heat recovery systems

using different stages of -rogressively lower temperatures. Two or

more stages can be combir-ad in a single cylinder.

Multiple expansion Stirling machines have been a topic cif

interest at The University of Calgary for some years. Recently a

second-order computer simulation program with integral grapniis

package for Stirling cryocoolers with up to four staues of

expansion were developed and made z.ivailabJe to the Stirling

community. Adaptation of the program to mu±ILine expansion

Stirling power systems is anticipated.

This paper briefly introduces the program and presents a

specimen result.

INTRODUCTION

The Stirling cryocooler was first ieveloped commercially at the

Philips Research Laboratories, Eindhoven, Holland in d proaram

initiated in 1948 with first deliveries around 1953. Since then

applications of Stirling cryocoolers have proliferated,

particularly in the miniature versions used in right vision and
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missi?.e guidance systeis. They are made nowadays by a dozen

manafacturers it the rate of thousands a month (1).

The pioneeýr work on multiple-expansion Stirling cryocoolers was

carried out at the Philips Research Laboratories (2). Temperatures

cf 20 K were readily achieved with two stages of expansion. Later,

Daniels et al (3) described a three-stage Stirling cryocooler which

achieved a minimum mperature of 7.8 K. This same engine was used

b7Y Keung et z•. (4" to study the effects of leakage through

clearance seals on tf]e cryocooler performance.

Zimmerman et al (5,6) described work on three and four stage

Stirl.ing cryocoolers intended for low power cryogenic electronic

instrumentation.

Ver-y little theoretical analysis or computer simulation of

multiple expansion Stirling cryocoolers has been reported in the

.iter ature. The idealised cycle analysis for a Stirling

refrigerator with multiple expansion stages, perfect regeneration

and isothermal processes was published by Walker (7). A computer

simulation program utilising this theory in BASIC, for personal

computers was developed and tested but was not published.

The ideal adiabatic analysis of a Stirling cryocooler with

multiple expansion stages in the form of a FORTRAN computer

sim"'atjon program was presented by Urielli et al (8). The

equations of the analysi.. do not have closed solutions. Rather the

differentia] equation set is solved numerically and the authors

found it necessary to use a main frame computer b3cause of the non-

linuar complexi.ties of the cycle. Neither of the two papers

discussed above included any allowance for the various loss

mechanisms present in all Stirling cryocoolers and arising from

various thermal, fluid and mechanical friction effects. Walker (9)

has Fummpiar-Jud the principal lojsL mcchcini:;ns observed in small to

In Iij A U "St u•tI li ny cI yocu0(c0 '.

Wi - liam Marti:ii (10) of Hictiland, Wai;hirigtun wau commiss 1 ioned by

1.hQ U.S. Bureau of Commerce, National Bureau of Standards, boulduL,

Cu 1, 1olu (t echi i j,=a of f i ce-' 1)1 . .PRadebaugh) to picepalr U 3 coitq'Utu
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simulation program for a four expansion space Stirling cryocooler.

He delivered his draft report shortly before his death. On

delivery the program was substantially complete but was only

partially operational. The Martini draft report was not published

but the original copy is held by Dr. R. Radebaugh, National

Institute for Science and Technology, Boulder, Colorado. Copies of

the report may be made available by Dr. Radebaugh to interested

parties on application.

THE MARTINI MULTIPLE EXPANSION CODE

The partially operational computer simulation code for

quadruple-expansion Stirling cryocoolers developed by Martini was

specifically intended for a four stage expansion piston/diisplacer

cryocooler. It consists of a stepped displacer, to form the r

expansion spaces, and a separate compressor connected wi.',- the

displacer cylinder by a connecting tube. The cylinders were

arranged orthogonally. The code describing this cryocooler

implemented a second order hybrid isothermal analysis which took

into account the heat capacity of the solid parts but assumed

perfect heat transfer from the working gas to the surrounding solid
walls. It is assumed that, at each instant of time, the pressure

of the working gas throughout the cryocooler wa3 the same. Flow

pressure lo.'ises were calculated separately 't each time step,

summed over the cycle, and then added to the required power input.

Real gas properties of the .AM working gas were included but a

programming bur" rendered t,.-i inoperable. Additionally, an

extr:,sive data base of material properties at cryog3nic

temperatures for several solids was incorporated in the code. This

program served as the basis for the nore general prograin which is

the subject of -".is paper.
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DESCRIPTION OF THE MULTIPLE EXPANSION CODE

The four-expansion space program described above was generalized
to a multi-expansion space code which is capable of simulating low-
temperature cryocoolers with up to four expansion spaces and in a
variety of configurations and mechanical arrangements, two-piston
machines, piston-displacer machines including parallel and tandem
arrangements. The real gas properties of the helium working gas
are now operable and the compressor and displacer drive mechanisms
are separate, thus allowing dissimilar compressor and displacer
strokes and a specified phase angle. Additionally, a simple but
extensive graphics routine has been added to visualize the effect
of important parameters. The code is written in FORTRAN 77 with
GEOGRAF graphics routines and operates in the DOS environment.

Input to the program consists of the basic cryocooler
dimensions, regenerator and displacer material and the operating
conditions. The gas temperatures at each of the expansion spaces
is assumed. Output includes the required power input and itemized
heat transfer and losses in the compression and expansion spaces.

Graphics of heat lifted and C.O.P. as a function of pressure and
speed for each expansion space are available as is the total
requirid input power. Future developmen• of the program will
include routines to simulate the operation of individual.
regenerators by having different forms and structures between given
temperature levels. Initially it was anticipated the system would
start from an arbitrarily specified temperature distribution and
proceed automatically over many cycles to the steady-state

temperature distribution. However, this depends to a critical
extcpt on tqe external disposition of the refrigeration generated
through radiation shields, convection, etc. and nr simple way to
account for the multifarious extcrnal factors ha, ye* been devised.
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PROGRAM TEST CASE

Actual operating and performance data for multiple expansion

machines are generally not available. There is an urgent need for

careful experimental measurements to be published before

development of the computer simulation design aid can proceed.

Limited performance data and dimensions for a triple-expansion

Stirling cycle cryogenic refrigerator are given by Keung and

Lindale (4). The refrigerator dimensions, operating conditions and

performance data are summarized in Table 1 and the refrigerator is

shown schematically in Fig. 1. This test case was simulated using

the new program and graphical displays of the results are given in

Figs. 2 and 3 with sample tabular output in Table 2. The complete

graphics package includes the production of 22 separate figures of

different parameters calculated over a given range of pressure and

speed levels.

These preliminary results (Table 2) confirm that the program is

indeed functional, however, predicted values of heat lifted from

the third expansion space are considerably higher than the actual

measurements. This discrepancy is due primarily to the limitations

of the models used to describe the compression space cooler and the

regenerators. At present, the program can only model a si.nple

connecting tube instead of a compression space cooler and solid

regenerators with annular gaps rather than the packed reganerdtors

present in the actual triple-expansion refrigera' Dr.

From Keung and Lindale (4) it is not clear at which displacer

and compression piston position the charge pressure is measured,

thus the mean cycle pre3sure is not well c:fined. Furthermore, the

temperatures of the conpression space ind the first and second

expansion spaces are not given.

Considering the lacking input data coupled with limited

regenerator models it is not surprising that the predicted results

do not coincide with measurements.
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MULTIPLE EXPANSION STIRLING POWER SYSTEMS

So far as is known no multiple expansion Stirling power systems

have been made. However, recent work has indicated that this

situation may soon change. The possibilities for multiple

expansion Stirling power systems arise in connection with the

development of engines utilising the waste heat of hot exhaust

streams, ie. gas turbines, coke calcining plants, etc. Multiple

stage Stirling power systems with progressively lower expansion

space temperatures may be arranged mechanically to have two or more

expansion stages arranged in the same cylinder.

It is anticipated the computer simulation program described

above will be applicable also to Stirling power systems with

multiple expansion spaces.

CONCLUSIONS

The computer simulation described here for multiple-expansion
Stirling cryocoolers is still at an early stage of development.

However, the ground work for a useful design and optimization tool

has been laid.

ACKNOWLEDGEMENTS

Research on Stirling engine at The University of Calgary is

supported by the Natural Sciences and Engineering Research Council

of Canada. We would like to thank Dr. Ray Radebaugh for making

available the original report and code of Martini. Thanks to H.C.
Wong for assisting with the graphics routines.

AVAI LABI LI TY

It is anticipated that when further developments are completed

copies of the computer progrdil described here will be available, for
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purchase from Brad Ross, 1923 Hummingbird Court, Richland, WA or

from Marvin Weiss, Box 9, Site 7, R.R. 5, Calgary, Alberta, Canada,

T2P 2G6. Experimental data for multi-stage expansion Stirling

refrigerators is urgently required to validate and verify this
computer program. Cooperation with those having functional multi-

stage expansion ...achines is invited. Provide us with your

experimental daca and we will use the program to investigate

optimising or improving your design.
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No. 40-RANP 5-B4748, Dr. R. Radebaugh, Project Officer, 1986.
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TABLE 1 TEST CASE DIMENSIONS AND OPERATING CONDITIONS

Comp. Space 1st Exp. Space 2nd Exp. Space 3rd Exp. Space

Diameter, mm 63.5 39.9 20.0 15.1

Stroke, mm 32 12 12 12

Regenerator

length, mm 39.4 29.4 24.5

mesh material phosphor-bronze phosphor-bronze lead

mesh fill factor 0.4 0.4 0.4

Temperature, K 300 (assumed) 120 (assumed) 60 (assumed) 20

Heat Lifted, W 1.0

Speed: 640 RPM Charge Pressure: 0.62 MPa Phase Angle: 60'
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TABLE 2 SAMPLE PROGRAIvl OUTPUT

MECHANICAL POWER INPUF fSummation Method) watts

P-V power: 542.482

Cooler flow loss: 0.772

Regenerator flow loss (1st Stage): 0.568

(2nd Stage): 0.078

(3rd Stage): 0.009

TOTAL POWER INPUT: 543.918

TOTAL POWER INPUT (Mechanical Drive Metb yWlu

Compressor drive: 544.705

Expander drive: -2.230

Cooler flow loss: 0.772

TOTAL POWER INPUT: 543.247

ITEMIZED HEATS FOR CYCLE I1M. (+vc is heating. -ve is cooling)

(ZONE) Compression Space Expansion Space

and Cooler (1st) (2nd) (3rd)

Heat Transfer from gas: 640.1 -121.8 -16.8 -20.1

Cylinder Wall Conduction (in): 0.0 3.4 0.4 0.1

Cylinder Wall Conduction (out): -3.4 -0.4 -0.1 0.0

Expander Wall Conduction (in): 0.0 0.2 0.0 0.0

Expander Wall Conduction (out): -0.2 0.0 0.0 0.0

Shuttle Loss (in): 0.C 2.2 0.2 0.1

Shuttle Loss (out): -2.2 -1.2 -0.1 0.0

Flow Friction: 1.1 0.3 0.0 0.0

Net Heat (Sum): 635.3 -116.3 -16.4 -19.9

Net Heat (DoIT): 635.3 -116.3 -16.4 -!9.9
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Computer modelling of Stirling Cycle coolers

T.W. Bradshaw, A.H. Orlowska and J. Hieatt

Rutherford Appleton Laboratory
Chilton, Didcot

Oxon OX1l OQX, U.K.

INTRODUCTION

The Rutherford Appleton Laboratory (RAL) has been involved in the design and
maa-ufacture of single stage and two stage Stirling cycle coolers for space use for
many years.' The design of these machines can be optimised for different
temperature regimes and heat loads by analysis of the thermodynamic cycle and
losses involved. This can yield the optimal dimensions of the machine and
indicate the effect of varying operating parameters such as displacer and piston
strokes, filling pressure and frequency on performance.

A computer model of Stirling cycle coolers is used at RAL to assist in cooler
design and optimisation. The model analyses the cooler as a series of connected
adiabatic and isothermal control volumes. This results in a calculation of the
total refrigeration produced by a cooler of given geometry and displacements.
The effect of the various loss mechanisms is then found. An important
subroutine finds the effect of incomplete heat transfer and finite heat capacity
in the regenerator matrix.

THE THERMODYNAMIC CYCLE ANALYSIS

The analysis is based on the Finkelstein model of a Stirling cycle containing

1 T W Bcadshaw, A I! Oriowska, WMiniature closed cycle refrigerators", Proceedings of NATO Advisory
,Gr fop Loerospace Rewarch and Development meeing on "Applications of auperconductivity to

Avionics", 7-9th May 1990, Bath, FEngland, AGARD-CP-481.
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adiabatic and isothermal regions.2 1

A representation of the cooler used in the thermodynamic cycle model is shown
in Figure 1. The volume variations in the cooler are calculated from the
specified geometry and operating parameters sich as stroke and frequency. An
isothermal model internal to the program provides the start conditions for the
adiabatic analysis.

The adiabatic model assumes that there is no heat transfer in the cylinders, all
of the heat transfer is assumed to take place in the heat exchangers. Froih- the
start conditions provided by the isothermal analysis the program integrates a
series of simultaneous linear differential equations for the mass of the gas in
each part of the cooler and the pressure around the cycle. A fourth order A -jaI.Ls
Bashford method is used with a one degree step interval. The cooling power
and various other parameters are calculated before the process is repeated.
When steady state conditions are established (usually five cycles are required)
the mass flows in the cooler are calculated.

cP 6FcF

gl g2 g3 g,4

•IIStr 1. rhe seiics of control volumes¢ ased i~u the nmodel

Fvitkelstein, TI. Gem, ratised| ttenmudyrammic arnaly-45i of Stirling, ':, , ý. . ,E- paper 116B, S.AE lrnntLI
Gemerl Meeia •s• -ot (\9%0)
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In the isothermal model heat exchangers are, by definition, redundant whereas
in an actual cooler most of the heat transfer takes place in the heat exchangers.
At the frequency of operation of these miniature cryocoolers (30 - 60 Hz), the
thermal penetration depth in the helium is much smaller than the dimensions
of the compression and expansion spaces. The adiabatic model only allows heat
transfer to occur within the heat exchangers and makes the following
assumptions;

a) The compression and expansion spaces are completely adiabatic.

b) The heat exchangers and regenerator are completely isothermal.

c) There is no fluid dissipation ie:- the instantaneous pressure is the same
throughout the system (but differences due to pressure drops and the finite
speed of sound are calculated later).

For the purposes of this study the connecting pipe from the compressor to the
displacer is considered as part of the heat exchanger.

There are important differences between this model and the isothermal model;
the temperature of the gas in the compression and expansion spaces is no longer
a constant and heat transfer takes place only in the heat exchangers and the
regenerator.

The pressure drop through the cooler is calculated and used to find the
reduction in pressure swing at the cold end (which decreases the cooling power
available). The mass flows are used in a subroutine, described below, to
calculate the regenerator loss. Due to the high operating frequency the finite
speed of sound in helium cannot be neglected and an allowance for the phase
shift in the pressure wave at the cold end, with respect to that in the
compression space, is made.

Pressure Drop (Bar)
0.8
0.6-

0--0.2 -

-0.4

-0.6

0 100 200 300 400

Crank Angle ( degrees)

* Theory -+- Experiment
Figure 2. Pressure drop in connecting pipe, theory and experiment.
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Adiabatic anaysis including pressure drop

The pressure drops along the connecting pipework, heat exchangers and
regenerator reduce the pressure swing in the cooler and hence the available
cooling power. These are calculated using the expressions and flow correlations
given by Martini'. and Kays and London.- The calculated pressure drop along
a cooler is compared to that measured in a working cooler' in Figure 2.

These calculations allow the pressure distrhbution along the cooler to be
calculated at any time interval. The PV integrals are then performed which give
the revised cooling power.

Model Verification

The model has been verified in several ways;

a) The program code has been checked against models presented in the
literature and is verified each time a change in the source code is made.

Mass Flow mg/s Swept vols mm3
600 -- 3000

400 -', -2500

200-2000

I ",y, 7••'l-e •.> •

S1500

*1o--200 -000

-400 500

'0
0 100 200 300 400

Crank Angle (deg)
Ogl 4f-g2 *g3 'ýj-g4 XVCornP *Ve~qp

Figrme 3. Ma, flows and volume variatioto in the cooler

4 Martini W.K, "Stirling Engine Design Manual', NASA CR 135-382

1 Kays,W., and London, A.L, Compact heat exchangers, McGraw-If-l, 1964

4 Measurements made by S T Werrett at Oxford University, private comrnmurcation.

775



PL-CP--93-1001

b) Setting the specific heat ratio for the gas equal to unity makes the model
isothermal and the results can be compared to an analysis such as the
Schmidt closed form analysis.

This model provides a wide range of information about the cooler geometry
including the mass flow at various points, cooling power, input power, heat
transferred in the heat exchangers, and pressure swing (see Figure 3 for typical
results). This figure shows the mass flow at four positions in the cooler, and the
volumes in the compression and expansion spaces, as a function of 'crank
angle',, where gl is the mass flow at the exit of the compression space, g2, that
at the exit of the first heat exchanger, g3, at the entrance to the cold end heat
exchanger and g4 at the entrance to the expansion space. These results can be
output to files for further analysis and display as necessary.

PARASITIC LOSSES

The losses in the cycle fall broadly into twc groups, those that can be treated
as pure heat loads on the cold end and need only to be subtracted from the gross
cooling power, and those that introduce departures from the ideal adiabatic
cycle. The model assumes that the regenerator and pressure drop losses aro
perturbations on the ideal cycle and are caklulated from the values of the mass
flow derived from the program. The static, shuttle and regenerator losses are
treated as parasitic heat loads and are subtracted directly from the gross cooling

Heat load (w)
0.

4

0.35

0.25 . . . . .

0.2,-

0.1

0.05 "

0 50 100 150 200 250 300

Temperature (K)
* calculated "--fesurad (Ross)

lWigurr 4. Static Iosses for the BAt ..uter -- 'od linger
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power. A correction to the temperature at which the modelling is performed
was used in the model to allow for imperfect cold end heat transfer. This is
described in detail later in the text.

Static heat losses

Measurements performed by Kotsubo et al' indicate conduction losses down a
cold finger of a non-operating cooler are lower than those obtained from warm
up data probably due to differences in the temperature distribution.

The static losses in the cooler are determined by the temperature gradient and
the conduction througb i01+ components of the cold finger and me radiation heat
load. Conductivity data for the titanium alloy used in the cold finger was found
for the temperature range 20 - 300 K.' but the contributions from the plastic and
especially the regenerator matrix were not so eazily calculated. A search of the
literature for data on these elements was unsuccessful, because of this,
measurements of the conductivity of Vespel SP-3 were performed at RAL

Cooling Power (W)
4,

3.5 +
Model

3.
.. . .I + -transfer 12 KA

1.5 "". ...

0
45 65 85 105 125 145 165 185

Temperature (K)

Flgure S. Computer nioddling of BAe cooler performnance. The effect of allowing for cold end
hbat transfer in the model is shown together with 5% variation in compressor and
dieplcer strokes.

V. Kotaubo, D.L Jolrlwon and KG. Ross, Jr. "Cold-tip off-stame con~luction lose of miniature Stirling cycle
cryocoolers" To be Published in Advances in Cryogenic Exngneering Vol 36

* Purdue University, "TPRC Series - "weophysical Propertie- of Matter" edited by Touloukian and Ho,
Plemzm.
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between 7U K and 300 K and a recent RAL research programme has determini-ed
the conduction down a stack of metal gauzes in helium at a range of
temperatures down to 60 K.'

Shuttle Heat Transfer

There is a heat load on the cold end from energy transport due to the
reciprocating motion of the displacer. The equation derived by Zimmerman'
for the condition where the energy flow is limited by the conduction of the
gas in the annulus between the displacer and the outer tube, is used in this
model.

Regenerator loss

The regenerator loss, dominant in cryocoolers at low temperatures, is one of the
least amenable to theoretical calculation since it depends on knowledge of forced
convection heat transfer between the working gas and the matrix in unsteady
flow. Most analyses make assumptions about the flow which are not applicable
to conditions in small coolers operating at relatively high frequencies.

Coolin ,rnwer (w)

,3.5

2.5

2L
1.5 -

0.5

o F ---- I I
40 60 80 100 120 140 160 180 200

Temperature K
0 Expenrmeni A Model

Figure 6. MAe cooler modelling at a compressor temperature of 306 K

Sto be pubUsbed

10 Zinmew i, P.J. and lLAngsworth R.KC. Lafayette College PA a"d Air Products Inc., PA. Advances in
Cryogenic Engineering vol. 16, 1970.
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The RAL cooler model includes a subroutine written to predict regenerator
losses due to incomplete heat transfer and finite matrix heat capacity, using
instantaneous mass flows and pre.zurc data obtained from the main model.
Regenerator loss measurements have been made in single stage coolers" and
also in the coldest stage of two stage coolers. The losses predicted by this model
are in good agreement with the experimental data at temperatures above
approximately 50 K.

Governing equations

Helium is used as the working fluid and is assumed to be a perfect gas with a
constant specific heat but with temperature dependent viscosity and
conductivity. The matrix consists of gauze discs and has a temperature
dependent specific heat.

The regenerator is divided into fifty cells with an initial linear temperature
gradient between the temperatures of the cold and hot ends of the regenerator.
These two temperatures are assumed to be consta-it during one cycle. Initially
the gas temperature in each cell is the same as the matrix temperature in that
cell and the temperature of the gas at the boundary between two adjacent cells
is taken as the average of the gas temperatures in those cells.

Cooling Power (W)

1.6

1.4 .

1.2

0.8

0 10 20 30 40 50 60 70 80
Input Power (W)

j55 Kexpt -ASS Kmodel 360 Kexpt 4 60Kmodel]

Figure 7. Optirmied BAe cooler modelling at 55 K and 60 K

II Orlowaka, A. HI, and Davey, G. "Measurement of losses in a Stirling-cycle cooler" Cryoger-ics Vol 27
pp 6"l,5 (19n8)
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In each time interval the pressure changes by an amount calculated by the
adiabatic cooler model and a quantity of gas enters the cell from the previous
cell This gas is at the temperature of the boundary between the cells. (For the
first cell the mass input is taken from the adiabatic ceoler model.) This results
in a change in the mass of gas in the cell and in its temperature, and in the
matrix temperature since a quantity of heat is transferred from the matrix to the
gas (or vice versa).

The heat transfer correlation between the working gas and the matrix is crucial
to any regenerator model and can be one of the weakest points. In this model
a correlation is used which was proposed by Mikulin and Shevichu and found
to give reasonable accuracy in measurements of regenerator losses in a single
stage 80K cooler.Y3

Equations for the conservation of mass and energy are used together with the
equation of state for the gas and the heat transfer correlation are solved to yield
the mass and temperature of the gas entering the next cell. The program then
moves on to repeat the calculations for the next cell of the regenerator. The
program is cycled with the final gas and matrix temperatures from one cycle
used as the initial values in the next.

Cooling Power ( W'-

2

1.5 -

0.5
4W

0
0 10 20 30 40 50 60 70 80

Input Power (W)

5Kexptl A 65 K model M 80 K exptl 480 K modelI

Figure 5. Optwlmsed BA* ,ul.r modelling at 65 K and 80 K

12 Reported by Wadker, G. in "Cryncoolers" Plenum Press (1983)

13 A H Orlowska, G Davey, Cryogenics 1987
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THE EFFECT OF COLD END HEAT TRANSFER

It is known that when a heat load is applied to the cold end of a cooler the finite
heat transfer leads to a temperature difference between the average gý.s
temperature and the measured temperature on the cold tip. This AT will be a
function of the external heat load and may also be dependent on operating
parameters such as displacer stroke, frequency, cold end temperature and filling
pressure, since all will affect the gas dynamics inside the cold tip.

Modelling of the flow conditions and heat transfer is difficult and several
attempts have betn made to measure the AT both directly and indirectly. Direct
measurements using differential thermocouples were made in the Department
of Engineering Science at Oxford in 1985 and yielded a AT of 10 +/-2 K/W.
Measurements at RAL in 1983 of the temperature response to a step change in
the heat load yielded a AT between 6 K/W and 10.2 K/ W ( for displacer strokes
3.5-3 mm ). This was found to be a strong function of displacer stroke with a
larger stroke giving the lower value. Similar measurements at the Department
of Atmospheric Physics gave AT s between 8.6 and 19.3 K/W ( for displacer
strokes 3-2.5 mm ), again with lower temperature differences corresponding to
higher displacer strokes.

Cold end geometry is important in calculation of this parameter and results of
AT between 132 K/W and 23.9 K/W have been obtained with various cold end
heat exchangers. The large uncertainty in this data poses problems when this
phenomenon is to be incorporated into models. For this reason it has been
decided to assume a frequency and stroke dependent AT which gives a value
of 12 K/W for a 2.6 mm displacer stroke at 40 Hz, which is in line with the data
above.

BAE COOLER MODELLING

The model has been applied to the British Aerospace (BAe) single stage cooler"-
and the results compared to the measured performance. The input data for this
series of calculations was taken from BAe supplied drawings with a connecting
pipe between the compressor and displacer of 300 mram

"14 Scull S. R. and Jewell C,Pre-qualification level testing of an 80 K StirLing Cycle Cooler", Proceedns
of the 4th Europeam- Symposium on Space Environmental and Control Systems, Florvnce, October 1991.
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Static Losses

The total static loss calculated for the BAe cooler is shown in Figire 4 with the
measured data of Kotsubo et al for comparison. The warm end temperature is
taken as 295 K (the ambient temperature during the measurements of Kotsubo
et al). The agreement between measured and calculated data is very good.

Cooler performance

The heat lift of the BAe cooler at 80 K with various compressor and displacer
strokes was calculated, using a compressor temperature of 299 K, and the model
results compared to the measured data.

The results of the analysis are shown in Figure 5. The figure shows the BAe
experimental data. The horizontal error bars indicate the range of performance
achieved with several different coolers of the same design at no applied heat
load (base temperature), and with a heat load of 800 mwatts.

The results of the computer modelling are shown with and without the
corrections to the model to allow for imperfect heat transfer in the cold end of
the cooler. The vertical error bars are the results of the computer modelling with
a 5% error on the amplitudes of the compressor and displacer motions.

Folluwing discus-sions with BAe the cooler model was rim at an increased
compressor temperature of 308 K which represents an increase of 15 deg. C
above the laboratory temperature. The results can be seen in Figure 6. There
is an improvement in the fit to the experimental data.

OpQtmised single stage cooler

The model was used to optimise the single stage cooler geometry.' The
dimensions of the piston and di-placer were changed in order to increase the
cooling power, particularly at low temperatures (55 K-65 K).

Results are- shown in Figure 7 and Figure 8. Very good correspondence
between model and data has been obtained over a wide range of temperatures
and input powers (from 55K to 80 K with input powers of 15 W to 70 W).

s und ESA contract 94t58/91/NL/FG
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DESIGN EQUATIONS AND SCALING LAWS
FOR LINEAR COMPRESSORS WITH FLEXURE SPRINGS*

Eric Marquardt and Ray Radebaugh
National Institute of Standards and Technology

Boulder, CO 80303

Peter Kittel
NASA/Ames Research Center

Moffett Field, CA 94035

ABSTRACT

Linear-resonant compressors with flexure springs and clearance seals have recently been

developed for use in long-life Stirling and pulse tube refrigerators. This paper describes a set

of equations that are used to design the various components in the compressor given specified

performance criteria. ie components considered are the movine-coil linear motor, the mass of

the moving components, the magnet assembly, the flexure springs, and the clearance seals. Both

radially and axially magnetized magnets are analyzed and the criteria for selection are developed.

Methods for reducing the compressor size and mass are discussed as well as the influence of the

stroke-to-diameter ratio on the design of flexure springs. The design equations have allowed the

development of scaling laws for linear motor compressors covering a wide range of compressor

sizes from 3 watts to 4 kilowatts.

INTRODUCTION

This paper develops a set of equations for the geometrical parameters of a linear motor

compressor in terms of the performance parameters. These equations then show how the

dimensions are affected by the specified performance parameters. Figure 1 shows a schematic

of a simple reciprocating compressor with a linear motor drive. The axial direction is parallel

to the center line (defined here as the z axis), and the radial direction is perpendicular to the

center line. These compressors use a current carrying wire (and thus, are called a moving coi!

design) within a magnetic field to impart a linear force in the axial direction to the piston while

"Research sponsored by NASA/Ames Research Center. Contribution of NIST, not subject
to copyright.
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Moving coil Permrnent Clearance Compression To cold headX mjnet• seal X, space

Return Pressure / Flexure opposed
iron vessel springs piston

Figure 1. Schematic of a linear motor compressor. The drawing is axisymmetrc about the
dashed center line.

conventional rotary' compressors use a crank shaft to provide this force. Rotary compressors

apply large radial forces to the piston, which provide no useful work, cause a large amount of

wear, and usually require lubrication. Lubrication is a problem in cryocoolers since contaminant

can often migrate to the cold end of the refrigerator and liquefy' or freeze. Linear motors

eliminate radial forces completely since the force created in the wire is perpendicular to both the

magnetic field and the direction of the current in the wire.' A linear motor compressor can

operate at any frequency but is most efficient operating at a unique resonant frequency, usually

in the range of 30 to 60 Hz.

Vibration of reciprocating compressors can bc reduced by using a balanced-opposed

design. In this configuration, the pistons are counter-balanced in-line, 1 80• out of phase, as

shown in Figure 1. Traditionally the seal between the piston and cylinder has been accomplished

using piston rings and is another source of wear in the compressor. Clearance seals can ach-eve

the same effect while eliminating contact between the piston and cylinder wall, thus eliminating

wear. A gap generally on the order of 15 pam is used and allows only a small percentage of the

working fluid to pass through during a half cycle. The gas pressure on the backside of the piston

is the average of that in the compression space, so there is no loss of gas from the compression

space when averaged over one cycle. Clearance seals require very good alignment between the
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piston and cylinder over the entire stroke. Traditional sliding bearings could be used to achieve

this alignment, but there will be wear in thie bearings and the alignment will be lost over time.

Magnetic bearings could also be used but are large and complex. Flexure springs addre-s this

problem since they have no rubbing parts and are simple to construct. The flexure spring is

constructed from a thin flexible material and is much stiffer in the radial direction than in the

axial direction. They were first used in a Stirling refrigerator at the University of Oxford."

The design of a linear motor compressor generally begins by specifying the performance

parameters. These parameters are: (1) the required PV power WP,, (2 j the desired efficiency of

conversion of electrical power to PV power qI, (3) the operating frequency f, (4) the average

system pressure P,, (5) the pressure ratio P,, defined as the maximum pressure over the minimum
pressure, and (6) the phase angle 4) by which the pressure leads the piston position. In some

cases the compressor swept volume V%, may be used as an input parameter in place of the PV
power. The compressor geometry, such as the stroke, clearance gap, coil dimensions, magnet

configuration, return iron dimensions, and flexure spring dimensions must be optimized to give

the minimum weight andlor system size that provides the specified performance parameters.

PHASOR ANALYSIS

Phasor analysis allows us to write simple algebraic equations in place of differential
equations when solving sinusoidal steady-state problems. A phasor is a complex number

expressed in polar coordinates as v = V,.e'"'() and whose projection on the real axis describes the

sinusoid v•t) = Vocos(wt+4)). The phasor v is represented by an arrow of length JvJ=V0 and an

angle 4 measured counterclockwise from the positive real axis at time r=0. The rotation of this

phasor about the origin in a counterclockwise direction with angular frequency t describes the

time dcr'z. lance of the phasor. It is necessary to show the phasors only at r=O, since all phasors

for ? linear system have the same frequency. Such a visual display is cleare, than showing many

time dependent sinusoids. The time derivative of a phasor is given as

Since i = e" , we can write the derivative as

i = ()V'e '(,'*Ce I,2 = JVoe I,.-,ou2 (2)

Equation (2) shows that the time derivative o,' a sinusoid leads the original sinusoid by n/2

radians or 90°. Phasors may be treated the same as vectors, but they are in complex space

instead of real space. We represent phasors in this paper with bold variables.
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Phasor analysis is useful for regenerative cryocoolers, such as Stirling and pulse tube

refrigerators, because of the neatly sinusoidal variations of volume, pressure, mass flow, and

temperature. Phasors are used here to represent all the forzes acting on the sinusoidally driven

piston of the compressor. The driving force Fl., that must be supplied by the moving coil of the

linear motor is given by the force balance

Ftv = m! + bi + k z + PA - P A (3)
= F, + F F +F, -F,

where z is the position of the piston from its midpoint (positive numbers toward smaller

compressor volume), m is the mass of t.e moving piston and coil assembly, b is the dissipation

constant that gives rise to viscous losses, k, is the flexure spring stiffness in the z direction, P is
the dynamic pressure in the compression space, P5 is (he dynamic pressure on the backside of
the piston, and A is the piston cross-sectional area. Let the position phasor be given by

z = (s/2)e ,,, (4)

where s is the piston stroke and the phase angle of this reference phasor is made zero. The

dynamic pressure in the working space P and in the backside P, are given by

P = (5)

-Pff = P B se i ""PW (6)

where P, and P,1 are the amplitudes of the dynamic pressures with phase angles of 4) and 0

respectively. Note that 0 refers to the negative of PB. The resulting force balance from Eq. (3)

is represented by phasors in Fig. 2. The magnitudes of the phasors are given by

IFI .LkB,
jfý1 -- k,s,

IFSl P BIA' (7)

IFI = PA,
IF,41 = nfsb,
IF, I T2f 2 SM,

where FLN is the linear motor force, F, is the mechanical spring force, F,, is the viscous

dissipation, and F, is the inertial force. The phase angle of F, is 00 because it is in phase with
the position. The phase angle for F,. is 90' since it is in phase with i. The phase angle for F,

is 1800 since it is in phase with i. The phase angle 4 will depend on the particular cold head
attached to the compressor. A typical valve based on experiments may be about 350 to 40' for

a pulst- tube and about 400 to 45' for a Stirling refrigerator. Accurate values of this phase angle
are nee.'-d for the prteer design of the compressor. In most practical compressors, the volume
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rvd

Areal axis

Figure 2. Phasor diagram showing the forces actin,; on the piston.

of the gas on the backside of the piston is much larger than that of the compression space. As

a result F, is negligible. Also the velocity of the moving components is usually small enough

that the viscous dissipation term b• is negligible compared to the pressure term. The flow

through the clearance gap results in a loss of some of the piston PV work that never reaches the

cold head, however it has a negligible effect on the force balance. Figure 3 shows the phasor

diagram without the backside pressure and viscous dissipation phasors. The relative magnitudes

and phase angles are typical of most compressors, except 0 may be zero or even slightly negative

in some cases. Figure 3 shows that the motor force is minimized by adjusting mn to make 0=0.

This condition is defined as resonance, which occurs when the inertial force is balanced by the

sum of the real parts of the mechanical and gas spring forces. Since the motor force varies as

(!/cos0), 0 can be increased to +20° with only a 6.4% increase in the motor force. For

positive 0 (F• lagging i) the moving mass can be reduced, which reduces the vibration effects.

DESIGN EOUATIONS

Moving .Maass

To operate the compressor at a predetermined frequency, it is necessary' to determine the

moving mass needed to achieve a resonant or near resonant condition. The moving mass is the

entire piston assembly including the piston, piston shaft, coil, coil holder, and a portion of the

flexure spring mass. To calculate the moving mass, the forces in Figure 3 are ,alanced in the

real direction to give
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C1

CO

112kzs real axis
Figure 3. Phasor diagram used for the force balance on the piston.

IFL.MIsinO + 27 2f 2sm = 2-k s + P Accos. (8)2 1

The area of the piston A is expressed in more fundamental parameters as

A -V- Is, (9)

where V,, is the compressor swept volume and is to be regarded here as a specified parameter.

The amplitude of the dynamic pressure is best expressed in the form of two components as

P, = (P,/Po)Po, (10)

where (PIPo) is related to the pressure ratio P, by

p,/po = - (11)
0P'+ I

The motor force FLM is calculated from a force balance along the imaginary axis in Figure 3,

IFIlcosO = P,(V Is)siný. (12)

The term IF•I from Eq. (12) is substituted into Eq. (8) and the moving mass is found to be

.Ak s + (PI/Po)Po(V/,Is)cos4(I - taný tanO)2 (13)

27c2sf 2
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Compressor Power

The instantaneous PV power W'pv produced by the compressor is given as

FkV = _PVo (14)

where V2 is the time rate of change of the compressor volume. The time-averaged PV power

< Wkpv> is given by
<Wp,> = -I.MePý*ol = 12_Re[P~e,*lP,•le..] --.P, I TolSint,,(5

where Vý, is the complex conjugate of V' and Re[ ] denotes the real part of the argument. In

a simpler manner using phasors, the time-averaged PV power is given by

<-LP'I:2 = I p, lI) coscc, (16)

where the dot product treats the phasors as vectors and a is the phase angle between P and -V,.

Because a = n/2-4ý, Eq. (16) becomes

<WIv> --• r V Isin4,, (17)

which is the same as Eq. (15). Because 2, = 2 Vf(V•2), the time-averaged PV power can be

expressed as

<Pkp,> = (n/2)fPV. 0siný. (18)

Equation (18) is used to interchange input parameters between Vco and < Wp,> in the design

equations.

Clearance Seal

The gap thickness for the clearance seal must be made sufficiently small to keep the

amplitude of the flow rate through the gap small compared with the amplitude of the flow rate

between the compressor and the cold head. The PV work lost through the gap should be small

compared with the total PV work delivered by the piston. Flow through the narrow gap is

always laminar. Thus, the flow impedance Z1 of the gap is a function only of the gap geometry

and can be expressed as'
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12L9Z=A ý- 77, (19)

where AP is the pressure drop across the gap, p is the viscosity, V.g is the volume flow rate

through the gap, L, is the gap length, w is the gap width, and t. is the gap thickness. Because

of the proportionality between AP and V,, the amplitudes can be used for these two quantities

instead of the instantaneous values. The dynamic pressure amplitude P, is equal to lAPI and

the amplitude of PC, can be expressed as V =jPlA/P .l where j2nrAV4/2). The

gap width is expressed as w =nrD 2ic( V I,"s) for an annular gap. Substituting these terms into

Eq. (19) and solving for the clearance gap thickness t, gives

I 1'___________________I(20)

The time-averaged PV power loss due to flow through the gap is < WS > = VP =

1/2P, cosP, where P3 is the angle between P,, and P, which is 0 from Eq. (19), leading to
W I -- IP1P, 1. (21)

Substituting Eqs. (21) and (17) into Eq. (20) yields

t= 6pLL f(<WI >/<lWp>) FTsV' sin (22)
* ~(P]/PO)PO'

where < W,>/< Fk,,> is the fraction of PV power lost to flow through the gap. Equations (20)

and (22) are valid for a uniform gap. If the piston is not concentric with the cylinder, the flow

loss can be significantly higher since the flow is proportional to t. according to Eq. (19).

Linear Motor

A linear motor can be made with a moving coil, moving magnet, or moving iron.

Kerney5 compares these three types of linear motors. Because of its low weight, high efficiency,

and zero radial forces, the moving coil motor is the one most often used for space applications

of cr)ocoolers. With the moving coil motor, the magnet can be magnetized in either the radial

or axial directions as shown in Figure 4. In order for a sinusoidal current in the coil to produce

a sinusoidal force, the coil must be in a uniform magnetic field. The coil can be made short snxi
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Perdmanent magnit Return tIon E Mo(ing coil

LmL

Figure 4a).

First the short coil design is discussed. The first step is to calculate the coil volume J'Q,
which is the volume of wire needed to produce the desired force including any insulation or
epoxy used in construction of the coil. To determine the coil volume, the first step is to look at
the magnitude of the force produced by a current I in a wire of length L, in a magnetic field B

IFD,I IL,,B. (23)

The time-averaged power generated by the force F,.M is
<-',-- 1 ,> -- 1/2F.i - (--2)fs IFm -s cos-. (24)

'When Eq. (23) is substituted into Eq. (24) the power output becomes

<W,,y> -- 7t12(IIIL.B)fs cosO. (25)

The volume of wire in the coil is V,,=L•Aw=pV¢, where p is the packing fraction of copper in the
total coil volume Vf. Solving this for Lm and substituting L) into Eq. (25) gives

cW > lllpvflfs cos0 ,
- 2A-•. 7 IipV~Bfs cos6, (26)
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where j is defined as the culTent density j=I/A,. Equation (26) can now be solved for VJ,

2<;WPV> (27)V =_"C -nlj! pBfs cosO

Because j is not a specified parameter, we express it in terms of known quantities. The time-

averaged Joule heating in the coil for an oscillating current is

< -J> = !112pLW (28)
2A,

The value used for the resistivity p of the wire must reflect the increase in temperature of the coil

due to Joule heating. The current density is now calculated in terms of known quantities by

dividing Eq. (28) by Eq. (26) and solving for Il,
- (<Q>/ W,,>)tBfscos6 (29)

p

where <Qj1 >/<<P,,> is the fraction of power lost to Joule heating. The current density in Eq.
(29) can be used to determine the wire size for the available current. The coil volume can now

be determined by substituting Eq. (29) into Eq. (27),

V :kpv (30)
= 72pB 2f 2s (30)1<p>)-o2

The coil volume in Eq. (30) is valid for both the axial and radial magnet configurations, but only

for the short coil where the coil volume is in the magnetic field during the entire stroke.

Once the coil volume is known, the magnetic circuit, which includes the permanent

magnet, air gap, and return iron, is designed. The short-coil, radial magnet will be discussed in

this paper; similar steps can be used for the other cases. The volume of the air gap is the volume

of the coil including clearance between the pole pieces and the coil plus the swept volume of the

coil during the stroke. Since this volume is dependent on the final geometry of the magnetic

circuit, a guess is made as to how much larger the air gap volume must be compared to the coil
volume. Then the circuit is designed for this gap volume and it is determined if the coil will

remain in the gap during the entire stroke. If the coil leaves the gap or the gap is too long, a

new guess is made for the gap volume and the steps given below are repeated until the coil just

remains within the gap during the entire stroke. Figure 4 shows the geometry of both a radial

and axial magnetic circuit and defines the geometry variables. The only difference in the
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magnetic circuit geometry between the long coil and short coil designs is the added length of the

stroke to the return iron in the long coil, radial design. The first step in designing the magne:ic
circuit is to guess the ratio of gap volume to coil volume b. then find the gap volume,

V =bV. (31)

Next the volume of magnet can be determined from 6

V = CmB2 V (32)(BH).,'

where (BR),,, is the maximum energy product of the magnetic material and c,, is a scaling factor
used to account for magnetic losses due to the iron and fringing effects. Equation (32) gives the
minimum volume of magnetic material needed to achieve the desired magnetic field in the air

gap. Now it is necessary to decide on thc length L. of the air gap. This value is picked by thc
designer and the calculation should be done for a number of different values to see its effect on
the magnetic circuit size and weight. Small values of L, are better for heat transfer of the Joule
heating produced in the coil. The optimum length L,, of the magnet can now be calculated by

b BL
L,. = ,-(33)

Hý

where bf is a scaling factor used to account for imperfections in the magnetic circuit and H,, is
the demagnetizing force in the magnet at the operating point. To minimize the amount of magnet

material the operating point is taken at (BH),, for the permanent magnet material selected. The
largest (BH),,,, values are currently obtained with NdBFe permanent magnets. The cross-
sectional area of the magnet perpendicular to the field is A,=V,IL,,,. Similarly the cross-sectional
area of the gap is A,=VL,. Next the cross-sectional area of the return iron can be determined

by A,=(B/B,)A,, where A, is the cross-sectional area of iron needed to keep the magnetic field in
the return iron ftom saturating, and B, is the maximum allowed magnetic field to keep from

saturating the iron. Now the inner diameter of the magnet and air gap can be calculated using a
center hole of specified size for the piston shaft and by using the cross-sectional area of the iron,

D,,,, = DH = V4(A,+A 1)/7t , (34)

where A, is the cross-sectional area of the hole needed for the shaft and D,• is the inner diameter

of the air gap, defined in Figure 4. The inner diameter of the air gap is placed at the smallest

allowable diameter to reduce the extra volume introduced by the stroke of the piston. The extra
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volume of the gap, due to the stroke, is dependent on the cross-sectional area of the gap. A

larger gap cross-sectional area means a larger gap volume will be needed to contain the coil than

would be needed if the gap cross-sectional area were smalier. This consideration also applies to

the long coil design, a larger coil volume will be needed for larger diameter coils. Coils

should be placed on the smallest possible diameter. The outer diameters of the magnet and air

gap are given by

Da =D +2L.; D =D +2L. (35)

Ncx. the width w. of the magnet can be determined by
4 V

w= 4V,(36)W (Do2 -D 2) (6

The width w, of the air gap, can be found using a similar equation. Since the length of the

magnet wili always b,. argci thun the ic.ngth of the air gap, the outer diameter Do, of the iron can

be found by

D., = ýDo2 +4AIln (37)

The inner diameter of the coil can be found by adding an appropriate clearance factor to the inner

diameter of the air gap, while the outer diameter of the coil is found by subtracting a clearank e

factor from the outer diameter of the air gap. When deciding on the clearance factor for the

inner diameter of the coil, allowance for the bobbin on which the wire is wrapped must be

considered. Now that the diameters of the coil are known, the width w, of the coil can be found

using an equation similar to Eq. (36). The di.ference w. - w, should be the stroke of the piston.

If this is not the case, a new b, guess in Eq. (31) is made for the volume of the gap and the

procedure is repeated until %, - w,= s. A similar procedure can be used for the short coil, axial

magnet, by using the appropriate geometry. This procedure should be repeated for a number of

different piston strokes to determine the effect of the stroke on the size and weight.

The long coil designs always have the entire magnetic field within the coil. The

difference in coil volume between the short and long coil designs is that for the same joule

heating loss, the current density must be lower for the long coil design since it contains more

wire then the short coil. The fraction of the coil within the gap is w/(wg+. ) = [I+(s/w,)]". Thus

Eq. (30) gives the volume of the coil within the gap if the relative Joule heating loss within this

portion of the coil is also the same fraction of the total relative Joule heating loss (<Qj>/< ,').

The total coil volume for the long coil design then becomes
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vc2 p< PV>(1 +s/wS), (38)
n'pB 2f 2s 2(<QI/<,W,>) cos'@

where w. is the width of the gap as shown in Figure 4. Equation (38) is valid for any long coil

case. Using Eq. (38) for the coil volume and a procedure similar to the one given above, the

magnetic circuit can be designed for both long-coil cases. The major difference between the

procedures for the short and long coil cases is that a initial guess must be made for the width of

the gap in the long coil case and for the long coil cases, w,+ s = w, is used to determine if the

solution is correct.

The constants cm, b,,, and B,, must be ajust.d to make these equations agree with more

accurate results calculated from finite element techniques. By using finite element software for

magnetic circuits, the proper values of the constants can be determined for a wide range of

geometries. The constants vary some-what with the geometry. Using a finite element package,

the constants have been determined to be: c. = 1.2 to 3, b., = 1.2 to 1.8, B, = 1 to 1.6 Tesla.

The efficiency of the linear motor is given by

Ir,--<W>/p, (1÷< /i',> 1 /*'v +<•t/tv) (39)

where W is the electrical input power and <FP> represents all other losses not discussed

previously. These other losses, such as windage and eddy current losses, are usually negligible.

System size and weight are decreased by increasing the joule heating loss <Q.>, but that leads

to lower efficiency. A good compromise for satellite applications often gives <Q,>/<W',> = 0.1
to 0.2 and <W 5>I<W~,> = 0.02 to 0.05. Motor efficiencies of 75% to 85% are typical.

Advantages and Disadvantages of the Different Magnetic and Coil Configurations

Long coil designs require more coil volume but a smaller air gap volume, giving an

overall savings on system weight at the expense of adding to the amount of mass that must be
moved. This is an advantage to smaller systems that must normally add additional moving mass

to operatc at the desired resonant frequency. Comparing Eq. (38) to Eq. (30) shows that the long

coil volume is larger than the short coil volume by the factor [Il+(swg)]2 . Typical values of s/w,

vary from 0.5 to I so that the long coil volume varies from 2 to 4 times the short coil volume.

The magnet and iron weight of the long-coil configuration will be about 40% to 70% of that for
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the short-coil configuration. The outer diameter of the long-coil configuration will be about 80%

to 90% of that for the short-coil configuration. Long coils use more potting compound and out-

gas more than short coils. A portion of the wire in the long coils experiences a magnetic field

that varies from zero to the value in the air gap. The eddy currents induced within the wire

diameter will lead to an additional heating effect that is on the order of 1% of the PV power.

Radial magnet configurations offer reduced system weight and size compared to axial

magnet configurations. System weight for radial magnet configurations will be 50% to 70% of

that for the axial magnet configurations. The outer diameter of radial magnet configurations will

be 60% to 70% of that for axial magnet configurations. The cost of a radial magnet will be more
then the axial magnet since radial magnets must be made in segments in order to be magnetized

in the radial direction. If a radial magnet is designed properly, the epoxy used during assembly

can be removed after the magnet is assembled.

Flexure Spring

Flexure spring bearings are used in place of traditional sliding bearings. They have the

advantage of not having rubbing parts to wear out and contaminate the fluid. Flexure springs are

constructed of a thin material having a high ratio of fatigue stress limit to Young's modulus.

Stainless steel or beryllium copper are good candidates for such a material. The springs arc

designed to have a high radial stiffness and a low axial stiffness. This allows the clearance seal

to maintain its close alignment while increasing the moving mass only a small amount due to k,

in Eq. (13). The desired radial stiffness k, of !he flexure springs in normal gravity is

k, = •mg (40)C,1 t

where g is the gravitational constant and C, is the ratio of allowable radial displacement to the

clearance gap thickness. The value of C, should usually be about 0.5 or less to prevent

channeling from occurring in the clearance gap that will cause an increase in the power loss. The

desired axial spring stiffness is expressed as

k, = 4C• 2mf 2 , (41)

where C, is the ratio of axial spring force to the inertial force. From a practical standpoint, C,

should not be less than about 15% or instability of the system may result when dual-opposed

configurations are used. Values higher than 25% begin to significantly increase the moving

mass. The desired ratio of radial to axial spring stiffness is then given by
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kg g (42)
-•, 4 n'C, Ct, f:

As an example for C, = C, = 0.20, and t, = 15 p.m, then kJk, = 460 atf= 30 Hz and kIk, = 204

at f= 45 Hz. Because there may be large gas side forces associated with slight axial

misalignment, the actual value of C, should be much less than 0.20 to prevent any possible

contact during operation.

The Oxford-style flexure spring,2 shown in Figure 5a, has been used for several years for

small compressors. A problem with the Oxford spring is the highly localized stress concentration

that occurs around the holes at the end of the photoetched slots. These stress concentrations

occur because the flexing arms project out from the clamped region at an angle much different

than 90". As a result, in order to keep the peak stress below the maximum allowable stress for

infinite fatigue life, the flexing arm has to be made quite long. Hence, the need for a spiral of

at least a whole turn. The long flexing arm greatly reduces the radial stiffness. With properly

shaped clamp rings, the flexing arms of the Oxford spring could project away from the clamp
at nearly 900 and reduce this stress concentration. The arm length can then be reduced, leading

to a greater radial stiffness while still keeping the peak stress below the allowable stress. Figure

5b shows the result of such a modification similar to that proposed by Wong et al.7 . By

Flexure spring

Moving rigid

component

Stationary rigid

(a) component

Figure 5. (a) Oxford flexure spring, (b) Linear flexure spring.
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connecting the flexing arm to the moving rigid component at the maximum possible radius, the

axial rotation is reduced although it adds additional mass to the moving component. The center

hole for the shaft can be as much as 25% of the outer diameter of the spring, which allows for

stiffer shafts with the same mass. Because of the axial rotation, the stress concentrations are

minimized by having the clamped edge along the dashed lines in Figure 5b. For the sake of

simplicity the following analyses of the spring ignore this effect and use a clamped edge shown

by the solid lines in Fig. 5b.

Accurate calculations of stiffness and stresses in these springs can only be done with

nonlinear finite element techniques. The straight arms of the linear flexure spring are more

amenable to simple analytical calculations wnich help scaling the flexure springs to different sizes

and serve as a good starting point for detailed design. By using simple beam analysis for a

cantilever beam with both ends clamped, the maximum stress is found to be

o.. = 3E(s/2)t /L, 2, (43)

where E is Young's modulus, t, is the spring thickness, arnd L, is the spring length. A large ratio,

,aJE, allows for larger strokes. The axial and radial stiffnesses &,-c

k, = 3NEwt,'/1L5' (44)

k = 3N.Etw,1G(s/L)/L,`, (45)

where w, is the width of the spring arm, N, is the number of springs, and the factor of 3 comes

from the 3 arms of the spring. G is a function of (s/L,) and is included to account for the

decrease in radial stiffness with axial displacement. It has the property of G(O)=1. This function

can be determined or ly from a finite element analysis of a particular spring design. The radial

stiffness decreases rapidly as the axial displacement increases and at full displacement may be

at least an order of magnitude less than that at zero displacement. Equation (45) is a poor fit to

the finite element analysis performed on the linear spring. A better fit is achieved if it is

assumed that one spring arm acts in pure tension to provide the radial stifftness which results in

k, = NEtwG(s/L)/L. (46)

The ratio of stiffness is given by

•r/k, = (L, it )G(sIl.,)/3. (47)

The required numbei of ,r.igs "" found by comparing Eq. (44) with Eq. (41) to arrive at
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NJ 4 ECfL 1  (48)
3Ewt11

The resultant C, from Eqs. (46) and (40) should be less than some established value such as 0.2.
The desired number of springs will be in the range of 5 to 15 for most compressors. A thin
spring (low t,) leads to low stresses according to Eq. (43), high radial to axial stiffness ratio

according to Eq. (47), but a large number of springs according to Eq. (48).

In the Linear design the spring length and inner diameter of the outer clamp ring are

related by

L = D /2, (49)

where D$ is the inner diameter of the outer clamp ring. Likewise, the spring width is

w = D,/5. (50)

Thus, Eqs. (43) through (47) become

oa• "- 6Est1 D,', (51)

k - 3N.(8/5)Etr1/D 2,, (52)

k .- N(2/5)EtJG(s/D), (53)

k /k, - (DJ/t )'G(s/D)/1l2. (54)

Using Eq. (51) to solve for t, in terms of the maximum al!owed stress, Eq. (54) can be expressed

in the alternate form

= 3(s/DJ): G(s/D) (55)
(o/1E),

and Eq. (48) for the linear spring design can be expressed as

180n 2C mmfk(s/D)V
N - (56)

E (cyi E )3D

For most spring designs the product (s/D,)2G(s/'D,) is an increasing function of siD. Thus,
according to Eq. (55) a high k,/k, is obtained by making s/D, as large as possible. But according
to Eq. (56) a large s/D, leads to a large number ef springs. A compromise is then needed.

Typical s/D, values range from about 0.10 to 0.15 Equation (56) also shows that D, should be
made as large as possible to reduce the number of springs. In practice the maximum D, will be
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about that of the magnet outer diameter D,,. The stroke should then be made as large as possible

for a desired number of springs to maximize k)k, and to minimize V, and the resulting linear

motcr size and mass according to Eq. (30). We can express s in terms of N, and D, by first

using Eqs. (48), (49), and (50) to solve for t, in terms of N, and D,. This t, is then substituted

into Eq. (51) to obtain

(iu/E) ED,4 N, 1 k57)

6 [(516)n9Cmf .

Substituting this equation into Eq. (55) gives

ED1 N, G(s/D,) (58)kk=(5/6)n'C mf. 12

A material with the largest possible value of E'N(o,,mE) is desirable to increase the stroke and a

large E is desirable to increase k)k,. Thus, stainless steel is better than beryllium copper from

both standpoints, because D, is related to the motor diameter, and the motor diameter was found

originally by assuming a given value for the stroke, an iterative procedure must be used to find

a consistent set of s, m, and D, values that minimize the motor size and weight, yet provides the

necessary k/k, to prevent contact between the piston and cylinder.

SCALING LAWS

The set of equations developed in the previous section can be used for the original design

of a flexure spring compressor. Finite element ana;ysis is required for the calculation of the

flexure spring radial stiffness and for more accurate values of the other spring parameters. It is

also needed for more accurate sizing of the magnets and return iron in linear motor.

Calculations with finite element software can be time consuming since r .,...y trial and error

calculations are required. These design equations minimize the amount of trial and error

calculations necessary. Once a detailed design is developed for one size compressor, any other

size can be quickly designed if the correct scaling laws are known. Two cases will be

considered. The simpler case is that in which the frequency is alloN.d to vary as the size

changes. That case is treated first and the case of constant frequency will be addressed later.

Variable Frequency

Let K be some constant which is used to form the scaling variable for the various dimensions and
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the frequency. The base design corresponds to K=1, whereas an increase in size utilizes K>1 and

a decrease in size utilizes K<i. The scale factor for each parameter will be some power of K.

For the case of a variable frequency, use the following scaling laws:

frequency, f*, 1/K magnet inner diameter, D,, K

stroke, s - K magnet outer diameter, D.. K

piston diameter, D -, K magnet width, w,, K

piston length, LP *, K3 2  spring diameter, D, - K

coil inner diameter, D, - K spring thickness, t, *, K

coil outer diameter, D, *, K number of springs, N, c K.

coil width, wc cc K

The parameters Po, P,, (<Qj>/<FWp,>),p, B, (BH),,, (P, and 0 remain constant. Using the relevant

design equation, the scaling factors for various related parameters are obtained. The selection

of scale factors given above must satisfy the consistency equation that relates the coil dimensions

to the compression space parameter, Eq. (30). This is shown in line 1 of Table 1. Scale factors

for various performance parameters are given in liies 2 to 14 of Table 1. The terms /'I, k,/k,,

and oa.. are independent of the scale factor which is the ideal case. However, the relative

deflections, lines 13 and 14, vary as K instead of being independent of K. Thus, these parameters

place an upper limit on K, which depends on the initial values of AR/t. and Az/s. All values of

K below I would be permitted although too small values of K lead to unacceptably high

frequencies. Lines 9 to 12 show a scale factor of K' for all the force terms. Thus, their relative

magnitudes will not change, which is desirable.

The scale factors for this case are particularly desirable since all the spring and linear

motor dimensions vary as K. As a result there is no need for recalculations with finite element

software for either of those two complex components. Because of the limitations associated with

the non-ideal scale factor for the relative deflections as well as with the number of springs, this

case is best used for size reductions rather than size increases.

Constant Frequency

A good (but not necessarily exclusive) set of scale factors for this case is as follows:

frequency, fcc K magnet inner diameter, D,. K

stroke, s -K 12 magnet outer diameter, Do,,, K
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piston diameter, D *, K3 magnet width, w., - K"1

piston length, L*, K spring diameter, D, cc K

coil inner diameter, Dk, K spring thickness, t, at K31

coil outer diameter, Dc cc K number of springs, N, cc KO.

coil width, wc - K11

The resulting performance scale factors are shown in Table 1 for the constant frequency case.

As shown in line 1, the selectiol! is consistent and all terms of the force balance have the same

scale factor. Non-ideal scale factors occur for [ 1, kfk,, and Az/s. However, for the spring
s/D,•IKIa in this case, which means that for large K the smaller sID, will contribute to a greater

radial stiffness from the G(s/D,) factor that cour.teracts the 1/K dependence predicted from simple
beam theory. Likewise, the larger Az/s at low K will also be compensated because of the larger
VID,. The variable current density does not present any inherent problems as long as K is not

Table 1. Scale factors for derived compressor parameters.

I Scale Factor
Line # Eq. # Parameter Proportionality

variable f constant f

1 30 C ol oor e , is'stncy con~sist encyw,(D13DC) and VOIlOs) w D K3& KI Ksa & KsI

2 18 Power <W"> - fs& K3 K 7/

3 29 Current density VJI ,fs KO (ideal K°) K"

4 22 Clearance gap t,in [LfsD]"' K K

5 46 Radial stiffness k, NtwJDo K2 K"'2

6 44 Axial stiffness k, N,%,/IV, K2 KW'

7 47 Radial/Axial stiffness kjk, (DJt,) K0 (ideal K-) I/K (ideal K")

8 43 Maximum spring stress c. - ts/Dl KO (ideal K") K° (ideal K°)

9 8 Force balance (flexure spring) 1/2k•, Nt,wslDI, K3 K)

10 8 Force balance (gap spring) PAcos D- K3 K3

11 8 Force balance (inertia) 2n 'fsm .c f sm K3 (for m-.K') K' (for m'K'I')

12 8 Force balance (motor force) F,,sin0 - DI K) K 3

13 40 Relative radial deflection C,-AR4t, W m/(kr,) K (ideal Kr) K° (ideal K")

14 - Relative axial deflection A,/s ,, mI(ks) K (ideal KO) IlK"' (ideal KO)
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much larger than 1. This set of scaling laws is estimated to be good over the range of

0.25.gK<2.0. With a baseline design of <F'p,> = 350 W, these scale factors are good for the

range of <W,•,> between 3 W and 4 kW. Because the stroke and spring dimensions have
different scale factors, a finite element analysis of the new spring will be necessary in this case.

Likewise the different scale factors for the coil width and the coil diameters may require a new
finite element analysis of the magnet and iron assembly to be certain of the magnetic field in the

air gap of the new design. For K>2, the ratio DID,,*,K"' may cause the piston diameter to

become relatively large compared with the coil outer diameter.

CONCLUSIONS

A set of design equations has been derived to determine the optimum geometry (minimum
size and mass) for a linear compressor using flexure springs. Input variables are desired
performance parameters such as compressor PV power, frequency, average pressure, pressure
ratio, pressure-to-volume phase angle, and compressor efficiency. "Ihe set of equationw dc-ived
here easily show how these performance parameters affect the compressor design. Tuitse
equations need to be supplemented by finite element calculations for the accuratv' oad zletailed
design of the magnet system and the flexure springs. The equations were used to dec' .top a set
of scaling laws of the compressor system that is useful for changing the size of a previously
designed compressor with a minimum number of design changes. These scaling laws should be
valid over at least the range of 3 W to 4 kW of compressor PV power.

NOMENCLATURE

A cross-sectional area of the piston C, ratio of radial displacement to
As cross-sectional area of air gap clearance gap length
A, cross-sectional area of return iron C, ratio of axial spring force to inertial
A. cross-sectional area of magnet force
A, cross-sectional area of piston shaft D diameter of piston
A, cross-sectional area of coil wire DS inner diameter of outer clamp ring
b coefficient of viscous drag for flexure spring
B magnetic field in air gap E Young's modulus
B, maximum magnetic field in iron f operating frequency
bf ratio of air gap to coil volume FLM motor force
(BH),,.• maximum energy product of g gravitational constant

magnetic material H,, demagnetizing force in the magnet at
b, scaling factor for imperfections in the the operating point

magnetic circuit (-1 )VI
Cm scaling factor for magnetic losses I wire current
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k, total radial spring constant of flexure V,, compressor swept volume (V,.= sA)

springs V,. volumetric flow rate in compressor

k, total axial spring constant of flexure Vs air gap volume
springs V8. permanent magnet volume

j current density (1/,A) V,, wire volume (L.,A,)
Lq length of the clearance seal w width of the clearance seal (w%"-D for

Ls length of air gap an annular gap)

L, length of magnet w, width of coil

L,1 length of spring arm w9 width of air gap

L,, length of wire in coil W.. width of magnet

m mass of the piston assembly < Wg> compressor power lost to flow

N, number of flexure springs through the clearance gap

p packing fraction (VJV,) ;kpv instantaneous compressor PV power

P instantaneous pressure < Wp> time-averaged compressor PV power

P0  average system pressure w, width of spring arm

P, amplitude of the dynamic pressure in z spacial position of the piston

the compression space i piston velocity
P,9 amplitude of the dynamic pressure in ; acceleration of the piston

the bounce space Z, flow impedance
P, pressure ratio (maximum pressure / I phase angle between piston position

minimum pressure) and -P.
ap pressure drop through clearance seal TI. compressor efficiency
<Q1> time-averaged joule heating in coil 0 angle between the motor force and

R coil wire total resistance the imaginary axis
s stroke of piston Ai working fluid dynamic viscosity

Is thickness of clearance gap p wire material resistivity
t, flexure spring thickness ( angular frequency, w=2nf1_

coil volume phase angle between the position and

VI, volumetric flow rate through the dynamic pressure
clearance gap
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NON-REAL TIME, FEED FORWARD
VIBRATION CONTROL SYSTEM
DEVELOPMENT & TEST RESULTS

Robert Boyle, Francis Connors
NASA / Goddard Space Flight Center

Greenbelt, MD 20771

John Marketon, Vincent Arillo
Hughes STX, Inc.

Lanham, Md 20706

Edward James, Richard Fink
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ABSTRACT

The vibration generated by Stirling cycle cryocoolers has made it difficult to use

them for cooling detectors in high-precision optical instruments. A simple

technique has been developed for vibration control of linear-motor Stirling cycle

cryocoolers. This technique takes advantage of the very stable harmonic content of

the vibration forces by using simple signal processing and non-realtime control of

the harmonic content of the drive signal. Laboratory testing of this technique has

shown it to be very effective, even with imprecise information about the

cryocooler's operating parameters. A possible chip set for flight implementation has

been identified.

Key Words: Stirling refrigerators, cryocoolers, infrared instruments, periodic

vibration, vibration control, flight electronics

LNTRODUCTION

Many of the detectors used in infrared spectrometers and imaging cameras require

cryogenic operating temperatures. A. number of small cryogenic refrigerators

(cryocoolers) are commercially available which meet the size, weight, and input

power requirements for space flight science instruments. Most of these, such as the

example shown in Figure 1, are Stirling cycle machines which use linear motors to

drive reciprocating pistons, which do work on pressurized helium gas to produce
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refrigeration. The pistons are driven at a fixed frequency and amplitude, with some

fixed phase relationship between the motion of each of the components. These

moving components cause reaction forces at the structural mount of the cryocooler

which can disturb the alignment of an optical instrument, or cause microphonic

pickup in some types of detectors.

One of the challenges in applying cryocoolers to science instruments has been to

reduce the reaction forces to a level that does not degrade the performance of the

instrument. The level of force that will be acceptable to a science instrument varies

widely with the instrument's design, but has been estimated to be on the order of

0.1N1, which is much lower than cryocoolers usually produce. Measurement of the

vibration produced by a single cryocooler compressor driven by a very pure

sinusoidal motor current shows that the reaction force on the cryocooler's structural

mount at the drive frequency may be on the order of 50N, and reveals that there are

significant ccmponents at each of the harmonics of the drive frequency, equal to or

greater than the acceptable level (Figure 2).2 In instruments which are sensitive to
vibration, pairs of pistons (two compressor pistons, or a displacer and a

counterbalance) can be carefully aligned, and then driven in opposition to each

other. This allows the reaction forces within each pair to balance one other at the

drive frequency. Measurements on counterbalanced cryocoolers without a

sophisticated control system show good cancellation at the drive frequency, but still

show that the harmonics have not been balanced, and are above the acceptable

levels. 3

The origins of these harmonics are in the design and manufacture of the cryocooler

itself. The cryocoolers have the common characteristic that the gas forces, motor

forces, and in some cases, mechanical spring forces on the pistons are in some way

non-linear with piston displacement. All these non-linearities produce harmonics

of the drive frequency in the motion of the pistons, which in turn produces

harmonics of the drive frequency in the reaction forces. The reaction forces at the

drive frequency are easily controlled by balancing two pistons against each other, but

the non-linear effects are not quite identical in each assembly, so the amplitude and

phase of each will be slightly different. Broadband feedback control systems have

been commonly used to control the position of the pistons in a cryocooler, but these

have not successfully controlled reaction forces at the higher harmonics4 . We have
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developed an alternative to broadband controllers which takes advantage of the

stable harmonic nature of the cryocooler vibration.

When the operating parameters of the cryocooler (piston stroke, piston offset, cold

finger temperature, body temperature, etc.) have reached equilibrium, the harmonic

content of the cryocooler vibration is very stable with time. Manual control of the

amplitude and phase of the harmonics on the motor drive signal can reuuce the

magnitude of the force harmonics by 30-40dB for minutes at a time. This implies

that a simple system for controlling these harmonics would be usable for vibration

control in lieu of a broadband feedback control system. The fact that cryocooler

operating conditions only change slowly with time also implies that the control

system does not need to be fast, or operate real-time. One successful

implementation of this concept is described here.

THEORETICAL BACKGROUND

Force Summation

A free-body diagram of the cryocouler piston or the cryocooler I,-,using (Figure 3)

shows that there are four forces interacting between the two bodies: the motor force

Fm, the gas spring pressure force Fp resulting from the differential pressure between

the buffer volume and the working volume acting on the piston face, the viscous

forces in the clearance seal Fv, and the spring force Fs, resulting in a fixed-base

reaction force Fr:

Fr = Fm - Fp - Fv - Fs (1)

The non-linear rclationship between force and pu,•itiun for each of these will

introduce harmonics of the drive frequency. The object of the control system is to

balance the motor force against the other forces so that the motion is purely

sinusoidal, and the resultant force spectrum has no harmonic components.

The instantaneous force produced by each motor in the cryocooler can be assumed

to be the product of a frequency-dependent motor force function times the motor

current, plus some nonlinear funt tion of the displacement:

Fm = G(co) I + g(x,I,oi) (2)
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We take this non-linear component and treat it as an additional disturbance force
on the cooler, so that for the simple case of a purely sinusoidal input current
I(t) =Io sin wt, the reaction force on the cryocooler housing will be a summation of
harmonics

Fr = G(ci) I0 sin (cot )+ Xfn sin (ncot + an) (3)
n

Unless we introduce some harmonic content into the motor current, it is easy to see
that the reaction force will have components at harmonics of the drive frequency.
For complete cancellation of the higher harmonics, the motor current must contain
higher harmonics, such that for the nth harmonic,

(Fr)n = 0 = Gn In sin (nwt + On) + fn sin (no.t + an) (4)

where the job of our control system is to find values for In and On which satisfy this

relationship. When the balance is not exact, the right side of equation (4) will have

a non-zero reaction force at the nth harmonic,

(Fr)n sin (ncot + On+ On) = Gn In sin (ncot + On) + Fn sin (not + an) (5)

We can measure the reaction force Fr with a simple set of force transducers 2 . With
knowledge of the cryocooler characteristics and some simple signal processing, we
can derive a drive signal which minimizes Fr.

Cryocooler Characteristics

The control system we are describing here is dependent on roughly knowing the
transfer function between the motor current and the reaction force at each of the
harmonics

(Frn e i(0n+On)
Hn = In e iOn (6a)

where we can say the magnitude of Hn is

(Fr)n
hn- (6b)
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and the phase angle is On.

The force balance within the cryocooler (equation 1) is sensitive to the design of the

cryocooler's motors, and the interaction of the moving components with the

working gas. These characteristics of the cryocooler determine the relationship
between motor current and reaction force when the cryocooler is mounted to a rigid
base. The motor characteristics do not change greatly with time or temperature, but
the gas forces are very sensitive to the temperature of the coldfinger, the

temperature of the gas in the buffer volume, the amount of blowby in the piston
seals, loss of gas from the cryocooler, and the dimensions of the cryocooler
components. H is also sensitive to the dynamics of the instrument structure and
the cryocooler's structural interface, which typically has resonances in the 50-I00Hz

range.

Both the coldfinger temperature and the buffer temperature can undergo rapid
changes. They both have an effect on the pressure of the gas in the cryocooler,
producing changes in the gas spring pressure force Fp and the viscous force Fv. We
have measured the amplitude and phase of Hn for four different cryocoolers at
startup, and after thermal equilibrium has been established in the working gas, and
we have seen very little difference between the two conditions. We are
characterizing two of our cryocoolers at temperatures of +40'C and -40 0C, w','ch
should quantify the sensitivity of H to changes in the gas charge pressure.
Sensitivity of H to structural resonances is a bit harder to quantify. The major issue
here is the change in boundary conditions between a 1-g test setup and the free
boundary conditions of 0-g, and the resulting changes in the phase shift between Frn

and Ft.

Since the machine is highly damped, small changes in Fv should not have a
significant effect on H. The relatively small changes in gas pressure which will
normally occur should not have a large effect on Fp or on internal resonances of the
machine, and so should also have little effect on H. Loss of a large fraction of the
working gas would have a large effect, but would also render the cryocooler

effectively inoperable. Effects of the structural boundary conditions will have to be
assessed for each instrument. If H only changes in small amounts during the
normal operating life of the cooler, then each cryocooler may be characterized when
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it is installed in an instrument with sufficient accuracy so that a control system such

as ours can be effectively used.

Data Analysis

We need to obtain values for (Fr)n and On from a digitally sampled force transducer

signal. We can perform a Fourier transform of Fr, which gives a full spectrum of

the components of (Fr)r, but the actual force spectrum produced by a cryocooler, as

shown in Figure 2, contains significant components only at the harmonics of the

drive frequency. Since we only need to control the vibration at these harmonics, a

Fourier series, comprised of the harmonics of the drive frequency, can be used

instead, and the required calculations can be greatly simplified. By taking vibration
data from an integral number of cycles of the drive frequency, the amplitude and
phase at a single harmonic can be easily calculated.

For data collected over m cycles of the drive frequency (o, with a sample interval of
At, we have 21rrn/oAt data points. We multiply each data point by sine and cosine
functions of the harmonic frequency we are interested in, and make the
summations

2tm/AoAt

Fxn = 2 I (Fr)k sin(ncokAt) At (7a)

k=1

2rm/wAt

Fyn = 2 (Fr)k cos(nokAt) At (7b)

k=1

These summations may be further simplified by calculating the trigonometric
functions in these summations in advance rather than in real time, and simply

recalling the values from an array.

The quantities Fxn and Fyn can be thought of as a vector (Figure 4), whose magnitude
is equal to the reaction force at the nth harmonic

(Fr)n = Fx-xn 2+Fyn2  (8)

with a phase angle relative to the start of the data collection of
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[3n = tan-' •Fxn )(9)

Control of a Single Harmonic

In principle, we can control the amplitude of any one of the harmonics very easily if
we use the idea of a transfer function (equation 6). If the transfer function has a
phase angle e0 and an amplitude hn, then a motor current of magnitude (Fr)n/hn
and phase (On + TE - On ) would produce a motor force which would exactly cancel the
reaction force (figure 5). For a cryocooler whose vibration is very repetitive with
time, we can iterate on the amplitude and phase of the motor current, and reduce Fr
to the noise limit even for On and hn which are not measL..ed exactly.

We can look at successive iterations of the reaction force to determine the stability
limits of our algorithm (Figure 6). The algorithm is stable for values of hn and On
for which (Fr)n is equal or smaller in magnitude on each successive iteration. For a
value of hn which is known exactly, we see that the value of On may be in error as
much as ±t600, and for a value of On which is known exactly, the value of hn may be
in error as much as a factor of 2. This is analogous to having a phase margin of +60"
and a gain margin of 2. We can increase these margins by deliberately using a larger
value for hn, at the expense of slower convergence.

Control of Multiple Harmonics

A transfer function of a non-linear system like a cryo-ooler exhibits two
characteristics that simple linear systems do not. The first is that the magnitude and
phase of the transfer function are in general dependent on the amplitude of the
input signal, and the second is that there is cross-coupling in the frequency domain.
Not only is thr response at a particular frequency dependent on the drive signal, but
so is the response at other frequencies as well. The signal which nulls the reaction
force Fr at one harmonic may increase Fr at another harmonic. An iterative
solution will converge only if all the cross-coupling coefficients for each harmonic
are smaller in magnitude than the self-coupling coefficient.

EXPERIMENTAL SETUP

A simple version of the control system described above was implemented on
experimental setups like the one shown in figure 7. One cryocooler used for this test
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was a 3W 80K machine, built by the Stirling Technology Co under a NASA Small
Business Innovative Research (SBIR) contract. It had back-to-back compressor
pistons and a free displacer; all control over the displacer/counterbalance assembly
was effected via a counterbalance motor. We also tested our control system on a
British Aerospace (BAe) 80K cryocooler, a CCS500 cryocooler built by Lucas
Aerospace with electronics from Lockheed R&DD, and a small counterbalanced

cryocooler built by Hughes under IR&D funding.

The control system itself was written in LabVIEW 5 on a Macintosh desktop

computer. We used a 16-bit A/D converter, sampling at 2kHz, for signal acquisition,
and a 12-bit arbitrary waveform generator, sampling at 16kHz, to generate
waveforms. Two 200W voltage-controlled servo amplifiers were used for power
amplification. This voltage-controlled system is more difficult to handle

conceptually than the current-controlled system described above, but did not alter
the basic functioning of the algorithm, or adversely affect its performance. Our
choice of hardware did lead to some major challenges in synchronizing the A/D and
the D/A functions to sufficient accuracy. A system which used a common clock for
both functions while still allowing different sample rates would have been much
easier to use.

EXPERIMENTAL RESULTS

On the STC cryocooler, the control system succeeded in reducing the cryocooler
reaction force (figure 8) below 0.03N for each of the harmonics to which it was

applied (four on the compressor and six on the displacer/counterbalance assembly),
where the broad band noise floor for the system was approximately 0.01N. On the
BAe 80K cryocooler, the harmonics were reduced to 0.05N with a noise floor of

0.005N. In neither machine was the control system able to get the reaction force at
the harmonics down to the level of the noise floor.

On the Lucas and Hughes cryocoolers, the harmonics were reduced to 0.01N with a
noise floor of 0.01N. We noticed that the vibration force on these machines was

more repetitive to begin with, perhaps reflecting differences in their design and

construction.

Comparing reaction forces with and without our control system, we saw that the
second harmonic axial force on the Lucas cryocooler was reduced by 45-50dB, while
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the lateral forces were affected very little. On the BAe cryocooler, reductions were

30-40dB in the axial direction, and 10-15dB in the lateral direction. We saw on the

BAe and DýTC cryocoolers that the axial reaction forces could be controlled to levels

well below the lateral reaction forces 4 . Since the lateral forces are not easily reduced

with the addition of a control system, it falls to the cryocooler designer to control the

sources of the lateral reaction forces throughout the mechanical design of the

cryocooler, including alignment of the motor windings, concentricity of the pistons

with their bores, and spring dynamics.

Strong coupling between the DC offset of the pistons (the zero harmonic) and the

rest of the harmonics was seen in all our testing, but cross-coupling between the

higher harmonics was not seen. The phase and magnitude of H also did not seem

to be dependent on the amplitude of the drive signal or of Fr at the accuracy to

which we were measuring H.

DISCUSSION

Performing the signal processinr, off-line did not prevent the control system from

driving the reaction force down into the noise when applied to the Lucas/Lockheed

cryocooler, and did not prevent the control system from meeting our force

specification1 on the other two machines. The forces produced by the cryocoolers

were apparently repetitive enough that a quiet drive signal could be derived from

data which was seconds old.

One of our concerns prior to testing this system was the potential complications

introduced by a voltage-controlled system. In practice, we saw no problems with its

use, nor any disadvantages relative to a current controlled system. Though the

motor force should have no appreciable phase shift relative to the drive current, the

reaction force in general does.. so no effort is saved by going to a current-controlled

syst2m.

Another concern was the resolution in time and amplitude of the digital-to-analog

conversion. We found that the D/A sample rate could be as low as 5-10 times the

period of the highest harmonic being controlled, depending only on the amplitude

of that harmonic relative to the desired force level. The output voltage amplitude
ratio between the highest level harmonics and the lowest was greater than 2000:1 (or

approximately 211), so a converter with a resolution of at least 14 bits would be
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necessary. Our waveform generators, with 12-bit resolution, were able to achieve a

control level of approximately 0.05N, but were not able to control forces down to the

noise level of the system.

While control systems using a DSP chip have been successfully used for cryocooler

vibration control6, these chips have not been qualified for flight use as of 1992, and

may not be qualified in time for flight of the first long-life instruments which use

cryocoolers. One of our objectives was to design a control system which can be

implemented on a chip set which is already qualified for space flight. One possible

set which was identified by our flight electronics branch is shown in Table 1.

Table 1. Candidate Chip Set for Flight Use

Function Chip Comments

A/D MN5290 16 bit •
25kHz max sample rate
susceptible to SEU

D/A AD7543 12 bit

21.sec settling time

CPU 80C86RH rad hard
16 bit processor
5-6MHz clock

PROM 6617RH rad hard
2kx8

RAM IBM2568CRH rad hard
32.k x 8

-CONCLUSIONS

A simple control system may be constructed for Stirling cycle cryocoolers which

takes advantage of the stable operating characteristics of the machines. Testing has

confirmed that axial forces below 0.05N may be achieved at each of the harmonics

for a representative cryocooler.
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Figure 1 Typical cryocooler layout.
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Figure 2 Harmonic distribution of cryocooler vibration (BAe 80K compressor).
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B6ýFR WORKINGý

vOLUMEI*:.'. GAS

Piston IF - Fm - Fp - Fs - Fv
Housing XF - -(Fm - Fp - Fs - Fv)

Figure 3 A free-body diagram of a cryocooler piston or the cryocooler housing
shows the four primary forces acting on them. If the housing is rigidly mounted,
then the reaction force at the mounting interface equ--41s the summation of the
internal forces.

.. . P--O--------

Fx n
Figure 4 Vector representation of cryocooler reasction force (Fr)n in terms of Fx,

and Fyn

FY n (Fr)n

0n

Onl Fx n,

h • I , ° ° .••,.,,•

Figure 5 A motor current with phase angle 0On and amplitude In. will exactly
cancel the reaction force for a single harmonic.
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Fy
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than measure,, -ý (

t . (Fr)1,

I n,

t ~2
II

Actual hn is larger , Actual e n is larger
than measured. , �- , - than measured.

Figure 6 Iteration diagram for (Fr)n. If hn and qn are known accurately enough
such that for each successive iteration (Fr)n is smaller in magnitude than on the
previous iteration, then the control algorithm is stable. The actual value of hn can
be as much as twice the value used by the algorithm; the 11 valuc of qn can be
±600 from the value used by the algorithm.
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SERVO AMPS ffy

•] ~PCB 483B05
COMPRESSOR 2 ,POWER UNIT
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BOX (CUSTOM)

FORCEC

LT LOCK ~ GENERATORS DI /COVRE

L~~• -G --- --- _B---U ... .. ,.

Figure 7 Schematic of control system interconnections for a back-to-back
compressor assembly. A similar arrangement is used to control the displacer
assembly.
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Figure 8. Spectrum of reaction force for BAe 80K compressor, with control
system active to 520Hz. Note that this is not a counterbalanced cryocooler, and so
the 40Hz drive frequency is not affected.
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SatCon Technology Corporation has demonstrated excellent vibration reduction

performance using active control on the Jet Propulsion Laboratory Stirling-cycle

cryocooler testbed. This paper addresses the use of classical narrow-band

feedback control to meet the cryocooler vibration specifications using one

cryocooler in a self-cancellation configuration. Similar vibration reduction

performance was obtained using a cryocooler back-to-back configuration by

actively controlling a reaction mass actuator that was used to mimic the second

cooler. In addition to the classical feedback approach, SatCon is executing other

narrow-band control approaches to compare stability, performance, and

implementation issues.
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BACKGROUND

JPL has an extensive research program supporting the development of near-term

long-life space Stirling-cycle cryocoolers (ref.1). They have identified low

vibration as one of the key technical challenges for these coolers. The dominant

source of these vibrations are the cryocooler compressors, which are essentially

linear motors with reaction masses, the pistons, attached. The compressors are

driven at a single frequency, typically between 40 and 60 Hz for this class of

coolers. Because of nonlinearities in the motor drive electronics, the compressor

linear motor, the piston support flexures, and the gas dynamics, the resulting force

contains significant signal levels at the fundamental drive frequency harmonics, in

addition to force at the drive or fundamental frequency. In addition, these

narrow-band forces can coincide with internal structural resonances, amplifying

the vibratory forces that are produced.

The baseline approach to controlling these vibratory forces is to mechanically

place the compressors in a back-to-back configuration and drive the compressor

motors with out-of-phase currents. In this manner the forces produced by the

compressors can be used to cancel each other. Simple open loop control of back-

to-back cryocooler compressors, however, lis not been sufficient to reduce

residual vibrations to desired level of under 0.2 Newton at any frequency. Better

performance can be gained by manually adjusting the relative phase and

amplitude of the drive signals to the two compressors. By using phase-locked

signal generators, this approach was successfully demonstrated at JPL. In this

approach, the relative amplitude and phase of the drive signals was iteratively

changed in an attempt to minimize the force at single frequencies. Using this

human-in-the-loop active control approach, the net force produced at the

fundamental can be significantly reduced.

SatCon Technology was tasked to "automate" this approach, with an electronic

based implementation, to obtain the results that had been achieved by manual
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tuning the drive amplitudes and phases (ref. 2). The goal was to reduce the force

harmonics using active control.

NARROW-BAND CO1NTROL

As mentioned earlier, the harmonic force structure that is produced by the

cryocooler when driven with a single frequency is caused by various nonlinearities

in the motor and associated mechanical systems. In general, therefore, the net

force produced by the cryocooler is a nonlinear function of the drive voltage time-

history. When driven by a single frequency sinusoid, however, the net force is

produced only at the fundamental drive frequency and its harmonics. Because of

the essentially time-invariant nature of the cryocooler, the amplitudes of these

harmonics remain nearly stationary. The cryocooler, therefore, can be accurately

treated in steady state as mapping the flxed-f-equency input voltage amplitude

into a number of harmonic force amplitudes and phases. Alternatively, the

cryocooler can be modelled as a linear voltage to force system coirupted by

additive harmonic forces. This view of the cryocooler is shown in Figure 1, where

G(s) is the cryocooler voltage to force "plant". The harmonic forces are modelled

as additive output disturbances to the plant.

Dlsturbance Force

(Harmonlcs)

Fundamental FdInput Voltage (S . Force :''Y +

Not Force
Fnet

Figure I Classical feedback approach block diagram
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When viewed in this manner, the cryocooler vibration control problems fits neatly

into the paradigra of "narrow-band disturbance control", where the disturbances

are periodic in nature. Numerous approaches exis- to the narrow-band

disturbance control problem, including classical feedback and adaptive

feedforward. The performance of these algorithms can be made similar (ref.3), at

least for the relatively simple problem of controlling only the axial force. The

implementation of these control algorithms, however, can differ significantly. This

paper addresses the harmonic vibration problem using the "classical" feedback

approach.

In the clessical feedback approach, the compensator gain H(s) is made infinite at

disturbance frequency Wd and small elsewhere. Typically this is implemented with

a second-order filter, an undamped oscillator. The filter transfer function shown

in Figure 1 is given by

H(s) = k s H.(s)

(__)_2 
+

where k is the compensator gain and Wd is the disturbance frequency. Because the

feedback gain is infinite at the disturbance frequency, the net force will be driven

to zero, if the system is stable.

For a general plant all we need know to design the compensator and analyze its

stability properties is the maximum gain of the plant G,, and the phase of the

plant at the disturbance frequency G'GOod). At frequencies away from the

disturbance frequency, we can guarantee stability if the loop gain is keep below 0

db independent of the plant phase, that is we "gain stabilize" the plant at these

frequencies. If the loop gain is less than one (0 db) it can never encircle the

minus one point on the Nyquist plot, which is the stability condition for this

system. At frequencies near the disturbance frequency, the loop gain becomes

infinite and the best stability robustness will be achieved if the loop gain changes
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from +90 to -90 degrees. The undamped poles in the compensator will

contribute a change in loop phase of -180 degrees to the loop gain at the

disturbance frequency. Therefore at the disturbance frequency we want the plant

phase and the numerator portion of the compensator to contribute +90 degrees

of phase. Restated, the best stability w. - obtained if

LG(ji) + LH..(jd) = +90" (2)

RESULTS

Because of the lack of a second cryocooler, the active vibration control

dcmonstration discussed herein involves actively controlling one cryocooler to

cancel its own higher harmonic forces. Figure 2 is a block diagram of the test

setup. The main components of the control loop include the BAe cryocooler, tht.

force dynamometer, the control computer, and the Hafler amplifier. The BAe

cryocooler amplifier is driven with a constant amplitude, constant frequency

"fundamental" signal, which is the output on D/A channel 1 of the 16 bit board.

This signal is generated by the Texa. Instruments TMS320C30 floating point DSP

that is used as the control compuier. The amplitude of this signal can be adjusted

using the Hafler amplifier, which changes the stroke of the BAe compressor. The

output on D/A channel 0 is the harmonic compensation from the control

computer. For the self-canceling approach, the two channel outputs are summed

using a Tektronix differential amplifier. The resulting signal is sent to the left

channel of the Hafler amplifier to drive the BAe cryocooler.

For this configuration, the narrow-band feedback compensation consists of a notch

at the fundamental 40 Hz, and five undamped oscillators at the higher harmonics

of 80, 120, 160, 180, and 220 Hz. Because the cooler is running alone, the 40 Hz

fundamental force is not canceled. The notch at 40 Hz ensures that the harmonic

compensation from channel 0 does not contribute any 40 Hz signal to the

824



PL-CP--93-1001

Hafler Amp

(eft n Ch PonteHHafter Amp a 
oo

Cryooxooler NtDynamometer

Tk. TDiffo. Amp Fope
(Gan- 1)

Feedback

Signal Connrol computer c
Fundamental D/A Ch. 0 harmonics.
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Figure 2 Block diagram of JPL active controller using self-cancellation

fundamental signal from channel 1. Hence, channel, 1 drives the cryocooler at the

fuadamental and channel 0 compensates for the higher harmonics,
The self-cancellation approach had excellent vibration reduction performance.

Ile resulting plot of the axial force spectra comparing open-loop and actively

controlled systems is illustrated in Figure 3. In both cases, the cryocoolerI

compressor stroke was the same, producing approximately 35 N of peak force at

the fundamental frequency. As shown, the forces at the target higher harmonics

were driven into the noise floor of the force dynamometer. These results

confirmed the technical feasibility of actively controlling the cryocooler to reduce

the harmonic vibrations.

GENERAL PURPOSE ELECTRONICS

Development of a general purpose electronics rack to implement vibration control

is currently underway. The rack is configured for control of two compressors and

two displacers. This general purpose electronics rack will provide three distinct
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Figure 3 Axial vibration force spectra using self-cancellation configuration:
Five harmonics canceled

modes of vibration control. Tlhese modes are manual mode, an active analog

closed loop control and a DSP control mode.

Under ri.anual control mode the user has control of phase, amplitude and offset

111.c igh front panel adjustments. Each of these adjustments operates

independently upon the cooler or displacer connected to its drive output. Front

panel display of AC and DC stroke, current and voltage is available as well as

relative phase between either the two compressors or the compressor and its

displacer.

The active analog closed loop provides position feedback control of phase,

amplitude and offset through use of a LVDT. Each of these loops are combined

to provide control with the desired phase, amplitude and offset adjustable through

the front panel controls.

DSP mode provides a narrow band controller using a digital signal processor as

described above but uses the power amplifiers of the rack to drive the

compressors and displacers.
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BACKGROUND

A spacecraft borne infrared surveillance system capable of detecting cool objects against

an Earth, near-Earth, or space background requires that the sensor be cryogenically

cooled. If the surveillance system is intended to observe long wave infrared signals current

technology dictates that the sensor subsystem be composed of a detector cooled to below

12K, mounted within a 30K-40K cavity, illuminated via an optical train maintained at less

than 80K, and shielded from extraneous thermal radiation sources with cold, low emittance

baffling. The operational characteristics of the cryogenic refrigerator necessary to provide

this therrnal environment will depend on the satellite orbit, the sensor aperture size, anid

surveillance system mission. For geosynchronous applications, large aperture continuously

operating sensors are required.

From the 1960's through the 1980's, the development of long life, high reliability

spacecraft cryogenic refrigerators concentrated on continuous duty, three stage,

homogeneous cycle technology. This approach resulted in relatively heavy, high input

power hardware. Of the four major efforts funded during this period, the Philips magnetic

bearing Stirling [1], the AiResearch foil bearing Turbo-Brayton [2], the A.D.Little gas

dynamic bearing "R-cubed" Ericsson [3], and the HAC Vuilleumier [4], only the Philips and

the HAC refrigerators were successfully demonstrated.
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In the last 10 years, several small one and two stage cryogenic refrigerator development

programs have been funded. Figure 1 classifies these mechanical cryogenic refrigerator

developments by contractor, thermodynamic cycle, and type of moving elements. Designs

based on the flexure bearing supported moving coil linear motor drive Stirling cycle

configuration have proven to be the most successful, confirming the 1982 prediction [5].

Much of the surveillance capability provided by a small number of large elaborate

surveillance satellites deployed in geosynchronous constellations could be satisfied by a

large number of small simple surveillance satellites deployed in near-Earth conste!lations.

Due to the reduced distance between a near-Earth satellite and its target, the sensor

aperture area could be reduced, resulting in lower cooling loads. Continuous 10 K cooling

(12K detector) would be unnecessary for the vast majority of the near-Earth surveillance

missions. For any given sensor, providing the required cryogenic environment for a few

tens of minutes per orbit, for a few orbits per day would generally suffice. This alternate

cryogenic refrigerator design requirements paradigm resulted in the invention of the 10 K

periodic sorption refrigerator concept described in this paper.

INITIAL DESIGN

Table I outlines the initial cryogenic cooling problem statement. The basic concept was

structured around a dormant vehicle that would be activated only in time of imminent

need. In considering the rapid thermal conditioning required for such response, the

potential for thermal distortion ot the optical train due to the transient cool-down suggests

that it would be prudent to maintain the optical elements at operational temperature at all

times. Since near earth platforms require that the sensor telescope be capable of rapid

positioning, the telescope could be stowed in an orientation that minimized internal heating

due to insolation and earth thermal loading. Such an operational procedure keeps the

standby cryogenic cooling design requirement at less than 1 watt (60K-BOK). This need

can be readily met with cryogenic refrigerator technology based on the flexure supported

moving coil linear drive split Stirling cycle technology[6,7,8].
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Basic Design Requirements

Design a cryogenic cooling system for a periodically activated Long
Wavelength Infrared sensor;
Assume a 20 centimeter aperture telescope;
10 year orbital life, 95% reliability;
15 minute operation, several times during orbital life;
Rapid response from dormant mode required;
Use light weight, low risk technology

Derived Design Requirements

Scale cooling requirements from SIRF sensor telescope design;
Scaled sensor operating thermal design:

Optics/Baffles - 4 watts,
Optics - 80K maximum,
Baffles - 150K Maximum;

Focal Plane Cavity - 1 watt @ 30K, 40K maximum;
Detector - 0.1 watt @ 12K.

Assume that the 15 minute operation is required 6 times in 10 years, and that
120 seconds are allowed to reach operating conditions from dormant mode;
Due to the rapid response requirement, maintain the optics, sensor cavity at
-65K during the dormant mode;

Minimizes potential for thermally induced optical distortion,
Reduces transient cool-down heat load on 30K and 12K items;

Assume that telescope can be stowed in a low parasitic heat load orientation
during the dormant mode;

Estimate the parasitic heat load @ 60K-80K at less than 1 watt;
Use flexure bearing supported linear drive Stirling cycle cryogenic refrigerator
to provide continuous cryogenic cooling;
Use thermal mass sensible heat, or Oxygen-Oxide sorption latent heat, or
triple point Nitrogen heat of fusion cryogenic thermal storage unit for
operational heat load;
Use stored high pressure gas J-T for 25K and 5K" cooling
The cryogenic cooling system temperatures must be less than the sensor
temperatures to allow for heat transfer.

"5K rather than 10K due to Helium having a 5.25K critical temperature.

Table I - Limited Life Expendable Cryogenic System Design Requirements
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To provide the high heat load 60K to 80K cryogenic cooling environment that would be

required during the occasional short duration operational mode, thermal capacitance in

the form of high specific heat sensible cooling, regenerable heat of evaporation liquid

Oxygen cooling, or regenerable heat of fusion Nitrogen triple point cooling could be

utilized. Reconditioning of the thermal storage unit would increase the design heat load

requirement for the continuously operating 60K cryogenic refrigerator, however, by not

more that 100%, a value easily met by the chosen technology.

In conducting this research, it was determined that the occasional short duration 30K and

12K environments could be most easily provided by incorporating a multiplicity of

expendable Hydrogen and Helium high pressure, ambient temperature bottles with related

one-shot solenoid valves and shared Joule-Thomson cryocoolers. The 60K-80K thermal

capacitance provided the required upper temperature heat sink for both the Hydrogen and

Helium J-T systems. The 25K Hydrogen produced by the Hydrogen JoT system prov;dcd

the inversion temperature heat sink for the Helium J-T system. The ability of the J-T

cryocoolers to provide the required cooling within the allotted cool-down time had been

previously demonstrated by Longsworth and Steyert [9].

An intrinsic advantage of maintaining the dormant sensor at 60K to 80K is the low

enthalpy difference of the cavity and sensor materials when cycled between storage and

operating temperatures. Thus the transient cooling required to bring the sensor from its

dormant mode to its operational mode is low. Potential problems associated with

differential thermal expansion resulting from the transient cool-down are also greatly

mitigated. Figure 2 illustrates these features by presenting a plot of temperature versus

thermo-physical properties for typical materials.

Based on the above reasoning, the cryogenic thermal control system shown in Figure 3

was designed. The system operation is outlined in Table II.
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Standby Mode:

The telescope is stowed, thus minimizing the parasitic heat leak. The 60K
cryogenic refrigerator maintains the precooled cryogenic thermal storage unit
and the telescope internal environment at -65K.

Cool-down Mode:

Fire the squib valve on one of the charged high pressure Hydrogen bottles.
The gas will blow-down through the Hydrogen J-T system. The Hydrogen is
cooled below its inversion temperature by the cryogenic thermal storage heat
sink. After about 60 seconds, the Hydrogen gas bottle is depleted, and the
desired quantity of liquid Hydrogen has accumulated in the 30K heat sink
wick. The squib valve on one of the charged high pressure Helium bottles is
fired about 90 seconds into the cool-down phase. By this time, the liquid
Hydrogen will have cooled down to about 25K. The pressure regulated
discharging Helium gas is precooled by the cryogenic thermal storage heat
sink, then cooled below its inversion temperature by the 25K liquid Hydrogen
heat sink. Flow through the low temperature recuperator and expansion
across the J-T valve cools and liquifies the Helium down to below 5K.

Operational Mode:

After the 120 second transient cool-down, sufficient liquid Hydrogen remains
in the "25K" cryogen receiver to maintain its temperature well below 25K for
at least 15 minutes. Similarly sufficient liquid Helium* have been produced
to keep the "5K" cryogen receiver well below 5K for at least 15 minutes. The
high heat load imposed on the baffles and the optical system is absorbed by
the cryogenic thermal storage unit. If the 60K cryogenic refrigerator
mechanical vibration causes too much jitter, it can be shut down during the
operational phase.

Recovery Mode:

After use, the telescope is returned to its stowed position. The 60K cryogenic
refrigerator removes the parasitic heat leak plus the heat absorbed by the
cryogenic thermal storage unit. This segment of the process can take several
hours to several tens of hours, depending on the capacity of the 60K
cryogenic refrigerator.

Since the critical temperature of Helium is 5.25K, it is necessary to for the detector
sink temperature to be <5K to assure the liquid Helium state.

Table II - Limited Life Expendable Cryogenic System Operation
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FIRST REVISION

After consideration of the operational mission limitations imposed on an orbital surveillance

system constrained to a few cool-down cycles, the revised problem statement summarized

in Table III was generated. The long wave infrared detector could still only be used during

a few extreme need occasions, but a mid-wave infrared detector could be used on a daily

basis if it proved advantageous. In essence, the orbital resource would have a dual use.

This new requirement could be satisfied by either incorporating a continuous 30K

cryogenic refrigeration capability, or by utilizing a periodic, regenerable 30K subsystem.

Both technologies had been demonstrated through the proof of concept stage, a two stage

Stirling cycle cryogenic refrigerator (continuous) by Bradshaw [10] at Rutherford Appleton

Laboratories (RAL) based on the Oxford/British Aerospace Corporation technology, and

a single stage Hydrogen J-T cryocooler (quasi-periodic) by Jones et al [11] at JPL based

on Hydrogen-Hydride sorption cycle techniques. Figure 4 depicts the Hydrogen-hydride

sorption cycle thermal schematic. Althouah the RAL 30K Stirling cycle cryogenic

refrigerator utilizes two stages to obtain the 30K heat sink, the operating temperature of

the first stage is too high and the available cooling capacity too low to satisfy the 60K

design requirements. Thus it was necessary to retain the 60K single stage Stirling cycle

cryogenic refrigerator for either approach. With this constraint, a weightipower trade study

clearly favored the periodic sorption concept. Extrapolation of the performance prediction

to an optimized two stage Stirling cycle unit designed to provide both the first and second

stage temperatures and cooling capacities reduced the effective spacecraft weight penalty,

but not sufficiently to reverse the selection.

The periodic Hydrogen-Hydride sorption cryocooler designed to replace the expendable

Hydrogen J-T system, thus satisfying the requirements of Table Ill, is shown in Figure 5.

The system differs considerably from that shown in Figure 4. The periodic system requires

only one metal hydride bed. A high pressure gas accumulator (bottle) is used to supply

the high flow rate Hydrogen to the J-T unit. This reduces the peak power demand on the

spacecraft power system batteries that a rapid desorption bed (2 minutes) would impose.
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Basic Design Requirerments

Design a cryogenic cooling system for a periodically activated LWIR and
MWIR sensor array-,
Assume a 20 centimeter aperture telescope;
10 year orbital life, 95% reliability;
30 minute LW/R operation, several times during orbital life;
30 minute MWIR operation daily;
Rapid response from dormant mode required;
Use light weight, low cost, low risk technology

Derived Design Requirements

Scale cooling requirements from SIRE sensor telescope design;
Scaled sensor operating thermal design:

Optics/Baffles - 4 watts ave., 8 watts peak,
Optics - 80K maximum;
Baffles - 150K maximum;

MW/R detector + LWIR Focal Plane Cavity - 1 watt @ 30K,
40 K maximum.,
LW/R Detector - 0.1 watt @ 12K

Assume that the 30 minute LWIR operation is required 6 times in 10 years,
and that 120 seconds are allowed to reach operating conditions from dormant
mode;
Due to the rapid response requirement, maintain the optics, sensor cavity at
-65K during the dormant mode;

Minimizes potential for thermally induced optical distortion,
Reduces transient cool-down heat load on 30K and 12K items;

Assume that telescope can be stowed in a low parasitic heat load orientation
during the dormant mode;

Estimate the parasitic heat load @ 60K-80K at less than 1 watt during
dormancy,

Use flexure bearing supported linear drive Stirling cycle cryogenic refrigerator
to provide continuous cryogenic cooling;
Use thermal mass sensiole heat, or Oxygen-Oxide sorption latent heat, or
triple point Nitrogen heat of fusion cryogenic thermal storage unit for
operational heat load;
Use regenerable Hydrogen - Hydride sorption J-T for 25K cooling;
Use stored high pressure Helium J-T for 5K cooling
The cryogenic cooling system temperatures must be less than the sensor
temperatures to allow for heat transfer.

Itafic text indicates changes from previous design requirements.

Table III - Extended Life Cryogenic System Design Requirements
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To minimize the size of the sorption bed thermal radiator, a high temperature heat of

fusion heat thermal storage unit [12] is incorpoiated between the sorption bed and the

thermal radiator. This allows the thermal radiator to be sized based on the average

thermal dissipation rather than on the pc k thermal dissipation. To provide the necessary

thermal disconnect between the thermal storage unit and the sorption bed during

desorption, a gas gap thermal switch [13] has been added. The resultant periodic 30K

sorption cryogenic refrigeration system is thus based on a collection of previously

demonintrated technologies. The subsystem operation is summarized in Table IV.

FINAL REVISION

The design process continued through several iterations until the problem statement

summarized in Table V finally evolved. To meet the design requirements of this final

design, the limited cycle expendab!e Helium J-r system must be replaced. A method for

continuously producing a 10K heat sink using Hydrogen sorption technology had been

previously proposed by Jones [14], expanding upon a suggestion by Johnson. Jones

subsequently patented an improved version of this concept, a schematic of which is

shown in Figure 6 [15]. The low pressure recuperator could prove to be very difficult to

physically realize due to its very low operating pressure, - 1 Torr. As an alternative

configuration which circumvents the low pressure recuperator implementation problem, the

cycle show in Figure 7 has been suggested. Tnis alternative configuration will have a

lower overall thermodynamic cycle efficiency due to the irreversibility associated with the

venting Hydrogen during the freezing/subliming segment of the cycle, however, there will

be a lower parasitic heat leak due to the elimination of the low pressure recuperator. For

either configuration, the continuous mode operation is obtained by consecutive operation

of a pair of periodic units. From consideration of the Figure 7 schematic, it is apparent that

by eliminating the thermal switches and entire fluid circuit on the right hand half of the

diagram, and adding a check valvu and a high pressure Hydrogen gas accumulator, it is

possible to create a periodic 10K refrigerator. The periodic cycle configuration can also

be synthesized as an extension of the cycle configuration previously shown in Figure 5

(which is actually how the concept evolved).
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Standby Mode:

The discharged Hydrog.n-Hydride bed is maintained at a relatively cool
temperature by thermal interaction with the heat of fusion heat sink via the
closed thermal switch. The bed heater is off. The Hydrogen storage bottle is
fully charged with 100 Atmosphere Hydrogen at ambient temperature
(-280K). The solenoid activation valve is closed. The cryogenic thermal
storage unit ;s "fully charged" (at its lowest enthalpy condition). The cold
recuperator, J-T valve, and the receiver are in thermal equilibrium with the
surrounding 65K heat shield.

Cool-down Mode:

The Hydrogen bottle solenoid is activated, allowing the gas to blow-down
through the Hydrogen J-T system. The Hydrogen gas is cooled below its
inversion temperature by the cool recuperator and the cryogenic thermal
storage heat sink. The cool Hydrogen is liquified by the cold recuperator and
the J-T expansion. The venting low pre ire Hydrogen is heated through the
recuperators and then absorbed in the ,wetal hydride bed. The hydride bed
is thermally coupled to the heat of fusion heat sink via the thermal switch
thus maintaining its temperature and thereby its low suction pressure. AftE
about 60 seconds, the Hydrogen gas bottle pressure has dropped to - 50
Atmospheres), and the desired quantity of liquid Hydrogen will have
accumulated in the 25K receiver. The solenoid valve is closed.

Operational Mode.

At er tie 120 second transient cool-down, sufficient liquid Hydrogen remains
in the 25K cryogen receiver to provide the required cryogenic cool,,g while
maintaining its temperature at 25K for at least 30 minutes.

Rec,. ry Mode

The ',. switch is opened, the bed heaters energized, the bed
rrnpw, p',,re increased, and the Hydrogen-Hydride equilibrium piessure

Ihf)reby ir;cre-.ted thus recharging the high pressure Hydrogen bottle. The
hot gas ;- cooled by the heat of fusion heat sink prior to entering the storage
tank. When the bottle is fully charged (-100 Atmospheres), the heater is
turned off, the bed allowed to cool, then the thermal switch is closed and tne
bed further cooled to its low temperature standby condition. The 60K
cryogenic refrigerator recond,-ions the ciyo>,Pnh, thermal storage unit. This
segment of the process can takeý several hours, 0cpeiid';-g or, the bed
heating rate and capacity of tht. t•OVK ,ryqo ni•, . efI gert-or

Tabi-r..V "-PeniudI. Hydrogen - Hydride 25K C.ce -prat c,
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Basic Design Requirements

Design a cryogenic cooling system for a periodically activated LWIR and
MWIR sensor array;
Assume a 20 centimeter aperture telescope;
10 year orbital life, 95% reliability;
30 minute LWIR operation daily
30 minute MWIR operation daily;
Rapid response from dormant mode required;
Use light weight, low cost, low risk technology

Derived Design Requirements

Scale cooling requirements from SIRE sensor telescope design;
Scaled sensor operating thermal design:

Optics/Baffles - 4 watts ave., 8 watts peak,
Optics - 80K maximum;
Baffles - 150K maximum;

MWIR detector + LWIR Focal Plane Cavity - 1 watt @ 30K -
40 K maximum.,
LWIR Detector - 0.1 watt @ 12K

Assume that 120 seconds are allowed to reach operating conditions from
dormant mode;
Due to the rapid response requirement, maintain the optics, sensor cavity at
-65K during the dormant mode;

Minimizes potential for thermally induced optical distortion,
Reduces transient cool-down heat load on 30K and 12K items;

Assume that telescope can be stowed in a low parasitic heat load orientation
during the dormant mode;

Estimate the parasitic heat load @ 60K-80K at less than 1 watt during
dormancy;

Use -'exure bearing supported linear drive Stirling cycle cryogenic refrigerator
to provide continuous cryogenic cooling;
Use thermal mass sensible heat, or Oxygen-Oxide sorption latent heat, or
triple point Nitrogen heat of fusion cryogenic thermal storage unit for
operational heat load;
Use regenerah.: Hydrogen - Hydride sorption J-T for 10K and 25K cooling;
The cryogeniK tooling system temperatures must be less than the sensor
temperatures to allow for heat transfer.

Italic text indicates changes from previous design requirements.

Table V - Periodic Cryogenic Refrigerator Design Requirements
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Based on the foregoing, the periodic 10K cryogenic refrigerator shown in Figure 8 was

synthesized. The cycle is an obvious extension of the 25K periodic Hydrogen sorption

cryogenic refrigerator previously described. The 10K capability is obtained by adding a low

pressure '- 1 Torr.) Hydride sorption bed that provides the low pressure Hydrogen sink

required to freeze, and subsequently sublimate, the liquid Hydrogen produced by the J-T

expansion of the bottled gas into the high pressure (-8 Atms.) Hydride sorption bed. Proof

of principle experimental demonstration of the critical liquid/solid sublimation Hydrogen J-T

subsystem operating in a quick cool-down mode has been demonstrated by Longsworth,

et al[16], albeit using mechanical compressors. Table VI summarizes the periodic

Hydrogen - hydride 10K cryocooler subsystem operation.

The subsystems shown in Figures 5 and 8 can be integrated as is shown in Figure 9. The

periodic operation of the integrated system is an combination of the processes described

in Tables IV and VI. As is shown in subsequent papers, the total concept has been

successfully implemented in proof of principal experimental demonstration hardware [17].

TOTAL EFFECTIVE VEHICLE PENALTY - PERIODIC VERSUS CONTINUOUS

For the periodic system design depicted in Figure 9, the estimated weight is 35 kilograms,

and the estimated average power consumption is 120 watts. Using a weight-power factor

of 0.25 kilograms per watt of power consumed, which is typical for current spacecraft

systems, the total effective vehicle penalty for the periodic cryogenic refrigerator approach

is approximately 65 kilograms. Several alternative continuous three stage cryogenic

refrigerator concepts were considered, pulse tube, Stirling, cascaded Joule-Thomson,

hybrid two stage Stirling with third stage mechanical compression J-T, and hybrid two

stage Stirling with third stage Hydrogen-hydride sorption. Based on an assumed cooling

requirement of 4 watts @ 60K plus 1 watt @ 30K plus 0.1 watt @ 10K, the estimated total

effective vehicle penalty ranged from 220 kilograms for the three stage Stirling to 360

kilograms for the cascaded J-T system. For this particular application, there is a significant

advantage in using the periodic cryogenic refrigerator.
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Standby Mode:

The discharged Hydride beds are maintained at a cool temperature by the
heat of fusion heat sink via closed thermal switches. The bed heaters are off.
The Hydrogen storage bottle is fully charged with 100 Atmosphere Hydrogen
at ambient temperature (-280K). The solenoid valves are closed. The
cryogenic thermal storage unit is at its lowest enthalpy condition. The cold
recuperator, J-T valve, and the receiver are in thermal equilibrium with the
surrounding 65K heat shield.

Cool-down Mode:

The high pressure solenoid is activated, discharging gas through the J-T
system. The Hydro. en is cooled below its inversion temperature by the cool
recuperator and the cryogenic thermal storage heat sink. It is liquified by the
J-T expansion after passing through the co!d recuperator. The returning
recuperated low pressure Hydrogen is absorbed in the high pressure hydride
bed. The H.P. hydride bed is thermally coupled to the heat of fusion heat sink
via the thermal switch, thus maintaining its low Suction pressure. After about
60 seconds, the gas bottle pressure will drop to - 50 Atmospheres. The
desired quantity of liquid Hydrogen will have accumulated in the receiver. The
H.P. solenoid valve is closed and the low pressure solenoid valve is opened.
The Hydrogen will be absorbed in the L.P. hydride bed, lowing the
equilibrium pressure over the liquid, thereby lowering its temperature. Within
60 seconds, the gas pressure will reach .- 2 torr. The Hydrogen in the
receiver will be frozen.

Operational Mode:

After the 120 second transient cool-down, sufficient solid Hydrogen remains
in the receiver to provide the required cryogenic cooling while maintaining its
temperature at -10K for at least 30 minutes.

Recovery Mode:

The L.P. solenoid valve is closed, the L.P. bed thermal switch is opened, the
L.P. bed heater energized, the L.P. bed temperature increased, and the
Hydrogen thereby transferred into the H.P. bed. When the L.P. bed is fully
discharged, the L.P. heater is turned off, the L.P. bed allowed to cool, the
L.P. bed thermal switch is closed, and the L.P. bed further cooled to its low
temperature standby condition. The rest of the system is then recharged as
previously described.

Table VI - Periodic Hydrogen - Hydride 10K Cryocooler Operation
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DEVELOPMENT OF A PERIODIC 10 K
SORPTION CRYOCOOLER

Steven Bard, Toshito Fujita, Larry Wade, Jose Rodriguez, and J.J. Wu
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4800 Oak Grove Drive

Pasadena, CA 91109

ABSTRACT

10 K sorption cryocooler technology is ideal for spacecraft sensor cooling applications that
require periodic quick-cooldown, negligible vibration, low average power consumption, and
long-life (5 to 10 years). The basic feasibility of a periodic 10 K hydrogen/ hydride sorption
cryocooler was proven in laboratory experiments in 1991 that demonstrated the ability to
cooldown in under 2 minutes and maintain an 12R simulated detector heat load of 150 mW below
10 K for over 30 minutes. This paper summarizes past experimental results, presents an
overview of the present development status, and describes plans to further advance the
technology maturity level and mitigate the risks of uUtlizing periodic 10 K sorption cryocoolers
for future spacecraft sensor cooling applications. To create the technology base needed to
understand and demonstrate performance and reliability, the development program includes
comprehensive component-level characterization and reliability physics investigations and tests,
a near-term spaceflight technology demonstration, and flight-like engineering model and
protoflight system development and life testing.

INTRODUCTION

One of the concepts for the Brilliant Eyes (BE) surveillance satellite system includes a very
long-wavelength infrared (VLWIR) detector focal plane that needs to be periodically operated
at near 10 K. A periodic 10 K sorption cooler concept was conceived by Dr. A. Johnson
and Mr. J. Jones to meet the VLWIR cooling requirements (1,2]. Because sorption cooling
provides low-vibration, long-life, and repeated quick cooldown capability, and the
intermittent operation results in low average power consumption, sorption cooler technology
provides an ideal method to produce periodic operation of cryogenic infrared sensors for
future astronomy, earth-observation, and surveillance satellite systems such as BE.

The concept has been investigated analytically, and the proof-of-principle of a 10 K stage has
been experimentally demonstrated in laboratory experiments [3]. A comprehensive
technology development program is underway to advance the maturity level and mitigate the
risks of utilizing this novel technology for spaceflight systems such as BE. This paper
presents an overview and summarizes the status of the various elements of the development
program, including the proof-of-principle (PoP) experiments, the BETSCE spaceflight
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technology demonstration experiment, component-level characterization and reliability
physics investigations, and engineering model and protoflight development by industry.

PERIODIC SORPTION CRYOCOOLER CONCEPT

Figure 1 describes the periodic sorption cryocooler system. The basic principle is based on
alternately heating and cooling beds of metal hydride powders to circulate hydrogen in a closed
cycle and periodically cool the detector cold head assembly to 10 K on command [1-3].

For the 60 K upper stage, a Stirling cryocooler such as an SDIO Standard Spacecraft
Cryocooler (SSC), provides a continuous standby environment of about 60 K by cooling a
thermal storage device TSD). The TSD simply consists of a solid block of material with
high specific heat at 60 to 70 K, such as aluminum. The sensible heating of the TSD buffers
the mechanical cryocooler from the large power surge that occurs during the quick-cooldown
operation. As hydrogen gas circulates past the TSD during cooldown, the TSD temperature
rises by 5 to 10 K.

Cooldown to 10 K occurs in two separate steps. First, a solenoid valve is opened to release
high pressure hydrogen at about 10 MPA (1500 psia) from the storage tank. The hydrogen
flows through a Joule-Thomson refrigeration loop where it is cooled and partially liquified.
The liquid is collected in a wick contained in the cryogen reservoir. The hydrogen vapor is
absorbed by a hydride sorbent bed that is capable of absorbing at suitable vapor pressures
corresponding to the desired liquification temperature (between 24 and 30 K).

Heater

10 K Vent ~k~ U=C 0 KSnePadac

Figure 1. Periodic 10 K sorption cryocooler concept for Brilliant Eyes (based on original
concept of A. Johnson and J. Jones [1,21).
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The second cooldown step begins after - sufficient quantity of liquid hydrogen is collected
(about 0.5 te 2 g). Then, the J-T flow is stopped by closing the solenoid valve. Next, solid
H2 at < 11 K is produced by vacuum pumping the cold head reservoir to below about 2.6 x
10' MPa (2 torr) with a low-pressure sorbent bed. Under simulated infrared sensor heat
load and continued vac'ium pumping, the solid H2 sublimates and is adsorbed by the low-
pressure sorbent bed while providing cooling below 11 K for the desired period. Then to
recharge the system, hydrogen is returned to the storage tank by sequentially heating the
sorbent beds.

"Various operational scenarios are being considered by BE. Table I summarizes key
performance specifications and parameter ranges under consideration. The 10 K cooler
system design details will vary somewhat, but the basic technology is adaptable to
accommodate the different scenarios. Note also tIat the BE periodic 10 K cooler shown in
Figure 1 also includes a separate < 30 K stage to cool the VLWIR focal plane cavity.

TECHNOLOGY DEVELOPMENT PROGRAM OVER VITW

Figure 2 presents a technology development road map that shows the evolution from the
original periodic sorption cooler concept and the PoP experiments, through BE cooler
utilization. Table 1. presents a summary description of the program elements. Each of the
program elements are described in more detail below.

5E SRCTI

Figure 2. BE 10 K sorption cryocooier technology development program elements.
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Table II. BE 10 K Sorption Cryocooler Technology Development Program Elements

Program Eleme-nt Basic Objective

Proof-of-Principle Demonstrate that < 2 minute cooldown to < 11 K
can be achieved & sustained by basic sorption

___ ___ ,_ryocooler concept

BETSCE .ly spaceflight technology demonstration, and space]
mi .-rogravity performance characterization & database
development

Basic Technology Development

a) Component-Level Component-level testing to provide required design
Characterization & database for BETSCE & engineering model efforts
Rcliability Physics
Investigations

b) Engineering Model Industry-devek. ed flight-like engineering model
Development targeted to BE performance goals (size, mass &

powei), interfaces, & constraints; Includes
performance characterization testing & life testing -

Protoflight Industry-developed protoflight cooler to be flight
qualified; Contains flight-packaged electronics and
flight-like intcrfaces to the BE spacecraft, IR sensor, &
upper stage mechanical cooler; Includes performance
characterization & life testing

(PALS BE A ,oduction Coolers Industry-developed coolers for integraticr, into BE
satellites

The 'A, eleient accompli.:hed a su-2c(.;sful grourid batucd cxlxcrimnctal kdenonstration
showing that cooldown in under 2 minutes to 'wanipcratures _< 11 K could bc achieved and
'.ustainvd by ;-T refrigeration and the freezing of lquid hydrogen using a low-pressure
sUIption compressor. l"ests conductcd with the cold helid in an adveis•s gravity orientation
(O.,_. upside down) dernon strated no change in Iiq ud retention c:apuhil ly, a,, 9x capillary
1orcc.: in the rick were strong enrough to overý.o, gravitaional iorccs. '1 hus, the coid heCAd
Shuu~k' wo:k iW, a inicrugravity envirronmerit. 'I his program clcnicnt provided the foundation
for urndertaking the suh;.wqucnt elements. Figures 3 and 4, respectivi.ly, show the PoP test
apparatus and test ddta that Oemnonstratld the ahilit5' of the coulcX t,, tculdown iII trolly 2
lnilwitc5, froi 79 Y. a:,d iainitaii n a s'iiiulaild ,lctc',oi I,.'l hi,,' ol 15o ( IImW hlu 'ov 30

,tiinutes j3J.
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Figure 3. 10 K Proof-of-principle (PoP) apparatus.
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BEISCE

The Brilliant Eyes Ten-Kelvin Sorption Cryocooler Experiment (BETSCE) is scheduled for
launch in 1994 as one element of the Shuttle Pallet Satellite (SPAS III) payload of
experiments. BETSCE is a Shuttle side-wall mounted experiment that is focused on: (1)
demonstrating sorption cryocooler technology in a microgravity space environment, (2)
advancing the enabling technologies and integration techniques by developing an automated,
space flightworthy instrument, and (3) characterizing spaceflight performance to develop the
needed flight database to aid the future cooler development effort. The BETSCE effort is
described in detail in Ref. 4.

10 K Basic Technology Development

The Basic Technology Development effort involves: (1) Comprehensive component-level
characterization and reliability physics investigations and tests to develop the needed
performance and reliabilty database, and (2) flight-like engineering model development by
industry, targeted to BE cooling requirements, mission constraints, and spacecraft designs
and interfaces. The engineering model will undergo comprehensive characterization testing
followed by life testing. These program sub-elements are descabed below.

Component-Level Characterization and Reliability Physics Investigations

This aspect of the 10 K basic technology development activity is directed at providing the
basic technology base required to design and manufacture high reliability 10 K sorption
cryocooler stages. The investigations provide the database to aid the design efforts for
BETSCE, the engineering model and the protoflight, cooler development activities. In turn,
the design efforts for both BETSCE and the engineering model will help to sharply focus on
issues that need to be addressed by the component-level characterization and reliability
physics investigations. A key initial focus is on issues associated with the candidate hydride
materials, including lanthanum-nickel-tin hydride (I aNi, ,SN. 2HJ) for the upper sorption stage
and zirconium-nickel (ZrNiH,) hydride for the low-pressure sorption stage. Vanadium
hydride (VHJ is also planned to be studied for the upper sorption stage in the future. Ultra-
pure hydrogen gas supply equipmeit that provides gas containing under 50 parts per billion
contaminants, a large capacity (2 mi) high-purity glove box for limiting contaminants during
equipment assembly and hydi-idv handling, and class 1000 laminar flow benches are in place
in JPL's sorption .o,.Yler development laboratory to support this effort. Specific hydride
studies pla.incd and underway include the following:

- Studies are being performed for J31L by T. Flanagan and D. Clewley at the University of
Vermont to -haracterize chemical composition, isotherrns, and kinetics. They arc also
conducting long-term storage tests at various elevated temperatures to determine
dispropoitionation mechanisms. In addition phase purity, lattice parariieters and
metalluigical composition of various hydride inatetials arc tirIM. cXIMKi •ettlly
determined at JI'L arid the California Institute of 'IcChnology.
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- A detailed understanding of manufacturing processes is required to insure that the
required hydride purity levels are repeatedly achieved, and batch-to-batch variations need
to be controlled in order to produce the large quantity of reliable coolers needed by the
BE program. Studies are currently underway to determine the effects of purity,
manufacturing techniques, and annealing processes on isotherm plateau slope, hysteresis
and equilibrium pressure. Assisting JPL and the University of Vermont is Hydrogen
Consultants Inc. (HCI), who is under contract to produce LaNi 4 8S30.2 hydride. In
addition, HCI is producing five other stoichiometries so that the variance in isotherm
plateau pressure with tin content can be determined. Also assisting in this effort is
Ergenics, Inc., who ha provided ZrNi hydride.

- Apparatuses have been constructed and tests are underway to characterize kinetics and
absorption capabilities of fast absorption beds containing phase change material (PCM)
heat sinks. See Figure 5. Energy Sciences Laboratory Inc. (ESLI) has performed
materials compatibility and cycling stability tests for n-hexadecane and n-octadecane
PCM materials. In addition, they are constructing prototype copper fin and carbon fiber
heat exchange structures for containing PCM's and enhancing their heat t;ansfer.

- Thermal/pressure cycling apparatuses are being constructed and tests are planned to
characterize long-term stability and degradation of candidate hydride materials. See
Figure 6. These tests accurately duplicate the anticipated BE cooler's time, temperature,
hydrogen concentration and pressure profiles throughout the cycle. The tested hydrides
are characterized metallurgically and with x-ray diffraction upon delivery. Initial
isotherms are taken upon activation and x-ray diffraction studies are then repeated.
Later, as hydride material cycling continues, isotherms and x-ray diffraction studies will
be conducted on samples periodically. The evolution in the crystallography data gives
information about accumulated lattice strain and changes in unit cell size and other
properties related to hydride long-term stability.

Near-term testE are planned to investigate hydride compaction with candidate ,:onipressor
geometries to understand the potential for inducing stresses in the hydride cc tainer
when the hydride expands during the absorption process.

- Preliminary hydride migration tests have been conducted by vibrating canisters filied
with pre-cycled vanadium hydride containcd by sintcrcd filters o' various filtration
ratings from 0.5 micron to 60 microns. See Figure 7. Post-test microscopic
examination indicated that no particles penetrated filters as larg,- as 20 microns. Because
the filter rating typically used for hydride compressors is 2 miro, ns, these tests were
highly encouraging in providing a preliminary indication that hvdridef particles will not
migrate through containiment filters when subjected to launch vibration. Furthermore,
bccause flow through the filter continually reverses throughout t:-_ strption cycle, and 11o
evidence of degradation of any valve or system performance due to sorbent migration
has ever been noted in other sorption cryocoo!er svsteris 15-7], rmigrt',ien is not
considered to be a serious issue. Nevertdcless, lo;gi-tCrm l; giipaiorI 1>LojW.jr filicrs ,vil
be studied using the cycling alIgaratuscs described previously.
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Figure 5. Fast absorber sorbent bed prototype.

Future studies will be aimed at gaining a detailed understanding of the tolerance of hydride
materials to contaminants. Characterization tests will be conducted after precise impurity
levels of various species are intentionally introduced. The ability of the hydrides to recover
from contamination by prolonged vacuum pumping will also be evaluated. For examplc,
the ZrNi hydride in the PoP system was inadvei tently exposed to ambient air due to a valve
leak, but recovered its full absorption and kinetic capability after vacuum pumping [3].

In addition to the hydride materials, other issues to be studied include high-strength pressure
vessel container materials, electrical heaters, valves, phase change materials, and candidate
cryostat TSD materials.

Although 316L stainless steel is highly compatible with hydrogen and is being used ii the
BETSCE instrument [4]. alternative higher-strength materials would provide weight and
efficiency advantages for BE. A286 and Incoloy 903 are candidate high-strength hydrogen
compatible materials that are planned to be subjected to long-term temperature/ pressure
cycling tests with hydrogen, using a similar apparatus to that used previously for Inconel
alloy containers designed for oxygen sorption cryocoolers [7].

Long-term electrical heater tests origina;ly conducte'd for oxygen sorption cryocooler
reliability studies are still continuing, after over 10 years of equivalent life has been
(1cJitinstraI,.d under more severe temnperaturc cycling, linlits dhn ever eCXp'ctCd frl
sorntiM systems [7]. A set of five hictters has bcen cont in im Nalv c veled ,vc r v n nt,.
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1T.

LaNi4•Sno. RELIABILITY TEST CELL ZrNI RELIABILITY TEST CELL

Figure 6. Long-term stability of hydride materials is being evaluated by hydrogen pressure/
temperature cycing tests.

between 21C and 5001C for over 2 years since June 1990. A similar set of five heaters has
been continuously exposed to a constant temperature of 700'C for this same period. All ten
heaters are still operational. The major difference for a hydride compressor heater is that the
inconel sheath in the present test heaters would be replaced by a hydrogen compatible
material such as 316L, A286 or Incoloy 903.

A valve seat decompression experiment has been conducted to evaluate the effect of fast
decompression of candidate valve seat materials. Preliminary results indicate that this should
not be a problem under the 10 K sorption cooler design conditions. However, tests are to be
conducted with actual candidate valves. Valve reliability tests under long-term cycling and
hydrogen exposure .-s', are to be conducted.

Candidate phase change materials (PCM's) for the sorbent beds include the family of normal
paraffins. The precise PCM selected depends on system design parameters such as heat
rejection temperature. Long-term stability, degradation due to contamination, and materials
compatibility issues are to be studied in detail to insure 10 year lift..

The baseline TSD material is alumtinum, which has a specific heat of 212.2 J/kg-K at 60 K.
Other candidate materials with high specific heats include sodium, lithium, and magnesium.
Use of these materials may result in an overall system mass savings because they have lower
low-temperature specific heats than aluminum. However, some of these materials may be
more complex to utilize in the cryostat because. they may need to be contained. If system-
level trade-offs indicate the potential advantages of alternate TSID materials, the materials
will be characterized and ajny long-Lerm degradation issues will be investigated
experimentally.

A corrputei model has been developed as a system design tool 181. '[his model incorporates
J -T thermodynamics, transit-ti cooldown effects, evaporative c(xMling and freczing prt0CcsSc!.,
sorption bed characteristics, and transient sorbent heating/ dcsorption processes. By
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MIGRATION THROUGH 60g FILTER MIGRATION THROUGH 20p FILTER

DUST FITTINGS

Figure 7. Hydride filter migration test. No evidence of vibration-induced particle migration
was evident with microscopic examination of < 20 micron filters.

inputting desired performance characteristics such as cooldown time, cooling duration, cold
head heat load, and known parameters such as heat sink temperatures and detector assembly
mass, the model outputs the required characteristics of key components such as sorbent bed
sizes, thermal storage device mass, mechanical cooler cooling load, and radiator sizes.
Varying key parameters such as stotage bottle size and pressure enables system optimization
studies to be performed. This model was an invaluable design tool used for developing the
BETSCE instniment [4]. As the database. evolves from the component-level characterization
and reliability physics tests, this model will b6. updated.

A system performance simulation mnodel is also being developed to enable transient
perfbrmance predictions. This model will also be updated as the experimental database
evolves

Engineering Model l)evel('lopmint

To provide the necessary precursor to eventual flight Wl.; c(x)lcrs, a flight-likc enp'incerinl'
model is scheduled to be contracted to ind1Lustry in carly 1991.3 he e.ny ,nee)r, R iii ) A I"'
be targeted directly to the BE- cooling reqiieiele.'•.I•, lVllI,',, r i,' , ' ,it'-c4j ,l..
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interfaces. The engineering model effort will include design trade-off studies that will
examine the entire study range shown in Table I. The selected design performance range
will be a result of negotiation between the BE system developers and the 10 K cooler
development team. Close cooperation between the BE system developers and the 10 K
cooler development team is needed to insure that the engineering model design is faithful to
BE needs. Following comprehensive performance characterization testing, the engineering
model will undergo continuous life testing.

Protoflight Cryocooler Development

The protoflight cooler development follows directly from the engineering model. The
protoflight cooler will contain flight-packaged electronics and flight-like interfaces to the
60 K mechanical cooler upper stage, the 10 K sensor, and the BE spacecraft. The
protoflight cooler will undergo characterization testing, flight qualification testing and life
testing. Although engineering model characterization and life test data will enable refinement
and validation of analytical models leading to some limited additional optimization of the
protoflight cooler design, the basic protoflight cooler design is expected to be very similar to
the engineering model. Thus it is crucial that an acceptable and stable set of performance
specification ranges and interface guidelines be defined early based on negotiations between
the BE system developers and the 10 K cooler development team.

BE Production Cryocoolers

The final program element involves production of flight cryocool,....nits for integration into
the BE satellites. Note that at least 17 months and 34 months of life test data are expected io
be obtained on the protoflight and engineering model coolers, respectively, by the start of
production cooler manufacture in early 1998.

SUMMARY

A comprehensive technology development program is well underway to mitigate the risks of
utilizing 10 K sorption cooler technology in future periodic 10 K cooling applications such as
BE. Program elements include component-level investigations and tests, flight-like
engineering model and protoflight cooler development and life test, and an early spaceflight
technology demonstration of the critical technologies (BETSCE). The technology developed
under this program provides an ideal method to produce periodic operation down to 10 K of
cryogenic infrared sensors for future astronomy, earth -observing and surveillance satellites.
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ABSTRACT

A metal hydride sorbent bed, which promotes rapid hydrogen distribution along with

efficient heat transfer, has been fabricated and tested. The compressor consists of six

reaction tubes containing a total of 1.4 Kg of the alloy LaNI4.2 7 Sn 0 .2 4 to give storage and

compression of hydrogen. The measured reversible capacity of this bed exceeds 15.5 gms of

H2 when the bed Is cycibd between room temperature and 200 C. Thermocouples Imbedded

within the hydride powder of each reaction tube detected rapid, large temperature rises as the

bed absorbed hydrogen. Measurements of these temr'n,'•tures along with the hydrogen

pressu,6 changes have beer. .nalyzed to assess the rectloi, properties of the sorbent alloy

and the bed design. This sorbent bed validated the analytic ,odels used "o design a very

high performance sorptinn compressor for the Brilliant Eyý;, Ten-Kelvin Sorption Cryocooler

Expriment (BETSCE) project. The measured pro[i .lios for this bed also relate to the

performance thai can be achieved when similar hydride compressors are used In fast

coo!dowr cryocoolers to produce liquid hydrogen or either a 25K cooler or as the first stage in

a 10K solid hydrogen cooler.
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INTRODUCTION

The production of liquid hydrogen via Joule-Thomson (JT) expansion valves

connected to metal hydride compressors has been demonstrated [1-3]. Jones [4] has

described a hydride sorption refrigeration system that could achieve 1 OK operdrnj

temperatures through the solidification and sublimInation of liquid hydrogen. Recent

experiments [5] conducted at the Jet Propulsion Laboratory (JPL) have confirmed that

temperatures down to 9.2K can be reached with an appropriate combination of a metal

hydride swrbent and reactor bed design. Johnson and Joi .9s (6] have developed concepts for

1 OK periodic aorption refrigerators that utilized separate hydride sorbent beds staged to

produce liquid hydrogen (T < 30K) and then pump on the accumulated liquid to form solid

hydrogen (T = 1 OK). Due to the very different absorption pressure requirements of 1-10 atm

for liquid hydrogen and 0.002 atm for solid hydrogen, a minimum of two metal hydride

sorbents ars staged for practical closed-cycle operation of these proposed cryocoolers.

The proof-of-principle demonstration of solid hydrogen below 1 OK was done at JPL

[5] using a ZrNi hydride bed to pump on 3 24K liquid H2 reservoir. The present breadboard

compressor was used to demonstrate that the reaction kinetics and hydrogen capacity of

LaNi4. 8 Sn 0 .2 are sufficient to permit rapid formation of liquid H2 . To achieve periodic

cooldowns [6] of 2 minutes or less, the desiln and construction of the sorbent bed must

provide high hydrogen mass flow rates within the metal hydride powder bed as well as efficient

dissipation of the heat produced by the hydrogen absorption process. The present paper

describes a prototype reactor bed containing the alloy LaNI4. 2 7 Sno.2 4 as the sorbent material

and reports results obtainald curng laboratory tests.

Although the first hydiide refrigerators [1, 2] Incorporated LANi5 as the sorbent, this

metal-hydrogen system Is highly pmn, ,wards extensive degradation during thermal cycling

[7]. However, very recent work [8] has stlowr that partial substitution of tin (Sn) for nickel

produces an alloy that Is extremoly res stant to changes in either its reversible hydrogen

storage capacity or aosorptlon/desorption isotherms. Consgquently, the LaNi5.ySny alloy is

an excellent candidate for long life refrigerator compressors.
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DESCRIPTION OF HYDRIDE COMPRESSOR

A breadboard hydride compressor bed configured for enhanced hydrogen flow and

heat transfer during the hydrogen absorption and desorptlon processes was fabricated at

Hydrogen Consultants, Inc. Schematic illustrations of this unit are given In Fig. 1. The

compressor consists of six tubes connected through a common plate manifold to c single exit

line and valve. Each tube is divided Into fifteen sections by aluminum filter supports as shown

at the bottom ot Fig. 1. A stainless steel sheathed type K (chromel-alumel) thermocouple

penetrates each tube through the endc-.ap next to the gas-connection and passes axially

through seven filter tube supports to the center of the eighth segment of alloy powder. The

thermocouples are located radially opposite from the porous filter tubes such that

approximately equal amounts of hydride surround them. The orientations of the

thermocouples are shown In the center of Fig. 1 and were silver soldered Into the endcaps at

the indicated positions. All other jolats and connections for this compressor wore made by

welding.

The compressor was loaded with a LaNi4 .27 Sn 0 .24 alloy that had been annealed

under argon for 90 hours at 950" C In chunks and subsequently ball milled into a coarse

powder. The total amount of LaN4.2 7 Sn 0.2 4 alloy loaded Into the 6-tube compressor was

1440 grams. Using the 25" C absorption/desorption isotherms measured for this a!loy and

shown in Fig. 2., the minimum reversible hydrogen storage capacity was predicted to exceed

15.0 grams. Initial activation consisted of a vacuum bakeout at 482" C until outgassing was

negligible. After the unit was cooled to room temperature and he~ium leak checked with rate

below 3x1 0-9 scc/s, It was exposed to ultrapure hydrogen which was readily absorbed.

An overview diagram of the system assembled at Aerojet to activate, ch.rge, and

test metal hydride sorbent beds Is shown in Figure 3. The hydrogen manifold and reference

volumes were constructed entirely of electropolished 316L stainless steel. All connections and

joints utilize metal-to-metal face seals of either the VCR or Conflat type. Furthermore, high-

quality diaphragm or bellows valves were used throughout the system. Pressure transducers

and all system volumes were carefully calibrated prior to start of experiments on the

LaNI4.2 7 Sn0 .2 4 compressor. A Mac/Quadra computer provided data acquisition and

processing. System operation and data monitoring was via a Labvlew 2.2 software package

from National Instruments.
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Fig. 1. Schematic diagrams of prototype hydride compressor consisting of six

tubes each filled with LaNi4. 2 7 Sn0 .24 powder and separated Into 16
segments having a sheathed grounded-,unction chmrel-alunel!
thermocouple (TC) In the center of the eight segment. All dimensions are
given In Inches.
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Fig. 2. Hydrogen absorption and desorption isotherms for LaN14.27 Sn0 .24
measured at 25" C. The alloy had been annealed at 950 * C for 90 hours
before ballmilling into a powder.
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Fig. 3. Scnemafic Diagram of the ,est station used to evaluate Uhe
LaN14 .27SnO.24 compres.sor bed during hydmgen absorptlon and
desorptlon experiments.

871



PL-CP--93-1001

RESULTS AND DISCUSSION

The breadboard LaN14.2 7 SnO.2 4 Hx compressor shown schematically in Figure 1 was

fabricated, Initially activated, and charged with approximately 17.5 grams of hydrogen at

Hydrogen Consultants Inc. Upon arrival at Aerojet, the compressor was attached to the

hydrogen analysis station as shown In Figure 3. After hydrogen was pumped out of the

compressor through the turbomolecular pump, it was heated for several hours at 200" C until

vacuum at the pump was abcut 5x10-5 torr and measurements with a residual gas analyzer

Indicated removal of Impurity species. Volumetric measurements with ultrapure helium gas

was used to determine that the free Internal volume of the LaNI4 .2 7 Sn 0.2 4 filled compressor

was 0.258 liters. After a second heating to 200 C under dynamic vacuum of the

turbomolecular pump and cooling back to room temperature, the compressor immediately

absorbed hydrogen. Thermocouple TC#3 (see Figure 1) behaved erratically during these

initial tests, which !ndicat3-d damage, and has been disregarded for all remaining work. All
other thermocouples behaved normally. Starting with Initial H2 pressure of 33.6 atm, the

reactor absorbed 19.19 gms of hydrogen, which corresponds to the composIton

LaNi4 .2 7 Sn 0 .2 4 H5 .5 3. When it was heated to 200 C with the valves open to all the reference

volumes, the compressor desorbed 15.5 gms of hydrogen at a final pressure of 29 atm, which

is taken as the reversible storage capacity.

The first series of testc on the LaNi4 .2 7 Sno.2 4 Hx compressor were conducted with

the bed In static air. Representative Internal bed temperature and pressure data from one of

these tests Is presented in Figure 4. As is most clearly shown In Figure 4b, the alloy rapidly

absorbs hydrogen to produce a composition of LaN14.2 7 Sno. 2 4 H2 .4 7 within 7.5 sec after

opening the valve to the compressor. However, the temperature Inside the bed rises to nearly

1 30 • C In this time Interval and complete absorption to x=5.29 requires over three hours as the

hydride powder slowly cools back towards room temperature. This experiment Illustrates the

crltical importance of dissipating the heat of reaction If rapid and complete absorption Is to be

s'.chleved.

A second set of absorption experiments were performed with the LaNi4 .2 7 SnO.2 4 Hx

compressor completely immersed under water In a controlled circulating bath at various

temperatures between 5" C and 45 C. A typical test for hydrogen absorption at 200C bath

t4m.:.t•;c Is summarized In Figtire r. A peak temperature of 128"C was reached within the
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Fig. 4. (a) Representative test results obtained when the La"N4 .2 7 Sno02 4 Hx
compressor was In ambient air during hydrogen absorption. The
thermocouples (TC) are kcated In the powder beds as Indicated In Fig. 1.
(b) Expanded scale plots of the Initial reaction parameters.
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Fig. 5. (') Representative data obtained during hydrogen absorption when the
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, ,acbon parameters.874
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bed about 5 sec after admitting hydrogen. Absorption was essentially complete In 10 min.

The time constants of the thermocouples (for a lie decay from the peak temperature) In Figure

5a are almost 100 times shorter than the parameters shown in Figure 4a. The much larger

thermal capacity of the water bath as compared to ambient air Is primarily responsible for the

more efficient removal of the heat of reaction from the hydride bed during absorption. Of

course, circulation of water around the tubes also greatly enhances thermal transfer across

the tubewall to give faster cooling rates. These results confirm that LaNi 5 .ySny alloys are

viable candidate hydrogen sorbents for rapid-cooldown periodic cryocoolers [6).

The Influences of the water bath temperatures and initial hydrogen pressure on the

measured pressure and thermocouple time constants are summarized In Figures 6 and 7,

respectively. increasing the bath temperature slows hydrogen absorption (I.e., lengthens the

time constants in Figure 6) due to a reduced driving force as the equilibrium plateau pressure

[8] rises with temperature. Figure 7 shows the expected behavior of slightly faster hydrogen

absorption rates when the Initial pressure is increased. While raising the bath temperature

leads to a decrease In the quantity of hydrogen absorbed (as shown in Figure 6), a greater

initial hydrogen pressure provides more hydrogen for reaction in the fixed volume test station

to produce the larger hydrogen absorption indicated in Figure 7.

Figure 8 shows a portion of an experiment that was used to calculate the effective

bed conductivity (Keff) from the indicated internal temperatures of the LaNi4. 2 7 Sn0 .24 bed

and the exterior bath temperature. The bath temperature was monitored by a thermocouple In

contact with the exterior w-*l of the compressor, which is assumed to represent the exterior

wall temperature of the ý..•mpressor during the test. From test data, we analyzed two distinct

regions. The first was the Initial burst reaction due to the high initial pressure In the manifold

volumes. During this initial fast reaction the bed would heat up to some maximum temperature

for a short time and then start to cool. As Indicated in Figure 8 the bed and bath Isothermal

regions (near the maximum temperature) are noted in Figure 8. When the compressor bed

started to cool, It was Isolated from the manifold volumes as the temperature and pressure

within the bed was monitored. In Figure 8 this corresponds to tne time &aor tho valve was

closed (i.e., time > 8.6 sec.).

During the time wh•n hnfth •h. L'#!h (e.a r - pre _ -r.. ,, d i,1ie LN 4 .2 7 Sno. 24

powder are isothern can be assumed the bed approximates thermal steady state
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conditions. Under these conditions the energy generated from the absorption reaction will be

equal to the energy conducted to the water bath via thermal conduction which can be written

as [9]1

UAA&TQ-mH 2 &Habs (1)

Where A is the area of the wall normal to the heat flow at rate Q, aT Is temperature difference

between the bed and bath, U is overall heat transfer coefficient calculated from

UA=I./ZRt (2)

using Nt for the individual thermal resistances of the system, mH2 is the mass of

LaNI4.2 7 SnO.2 4 Hx hydrogen absorbed per second, and &Habs Is the heat of absorption [8]

assumed for LaNi4. 2 7 Sno.2 4 Hx.

In Figure 8 it can be seen that the compressor was nearly Isothermal at 120" C for

6.25 seconds, with the bath/wall being isothermal for the last four seconds. During that 4.0

seconds, 0.56 grams of hydrogen were absorbed by the bed while releasing 2.26 kWatts of

energy. The resulting heat generated is conducted from the hydride bed radially through the

tube and into the water bath. For a cylinder, the thermal resistance for radial conduction Is

given by the equation [9]

Rt,cond=ln(r2/rl )/2 irLKeff (3)

where the radii used f.r the inside (r1 ) and outside (r2 ) of the external tube wall are 0.326" and

0.375%, respectively, arid tube length L is taken from Figure 1. The Inside radius used for the

hydride powder was the radius of the average mass point which coincided with the placement

of the thermocouples. When equations 2 and 3 are substituted Into equation (1), the effective

thermal conductivity Keff can be obtained.

For the temperature differences shown in Figure 8, this analysis yielded an effective

bed conductivity of 1.0 + 0.1 W/mK. This value lies within the range of 0.5-1.8 W/mK found by

others [10] for hyddde powders In reactor vessels that do not enhance hydride powder thermal

conduction. When additional analyses were performed on other independent absorption

experiments with the LaNi4 .2 7 Sn0 .24 bed, the derived Keff values were between 0.8 + 0.05

W/mK and 1.5 + 0.1 W/mK. These variations can adse from failure of the bed to meet the

steady state assumptions [9] as well as nonildeal component geometry and Insufficient

monitoring of the tube wall arid bath temperatures. Consequently, the present experiments

give Keff = 1.1 ,0.4 W/mK for LaNI4. 2 7 Sn0 .24 Hx powder.
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Fig. 8. Summary of pressure and temperature changes during hydrogen
absorption experiment to determine effective thermal conductance. See
tGxt for details and discussion.

SUMMARY AND CONCLUSIONS

A breadboard hydride compressor was buWlt and tested to assess the performance

potential of a LaNis.ySny alloy for fast cooldown periodic 25K crycrooler systems [6]. Initial

observations have successfully demonstrated the requisite rapid hydrogen absorption at

suitable pressures to generate liquid hydrogen. The Importance of sorbent bed heat transfer

and capacity to dissipate the energy released by the hydrogen absorption process was clearly

Indicated by the present test results. An advanced compressor design which addresses these

criteria is currently being developed at JPL and Aerojet as part of the BETSCE program.
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ABSTRACT

The ability of vanadium metal to absorb large

quantities of hydrogen makes it a promising candidate to produce

temperatures below 30K by connecting a vanadium hydride compressor

to a Joule-Thomson (J-T) expander. The hydrogen absorption and

desorption characteristics of a prototype compressor that uses

vanadium as the sorbent have been measured under various

conditions. These experiments confirm that vanadium sorption beds

can meet the requirements for cryogenic refrigerators. A J-T

expander for the blowdown production of liquid hydrogen has been

built and tested. When the expander is precooled to 85K,

temperatures down to 22K were achieved within 60 s at a hydrogen

flowrate of 35 slpm. A vanadium hydride compressor with a

reversible storage capacity of 10 gram&. hydrogen has been coupled

to the J-T expander and produced temperatures below 30K.
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INTRODUCTION

Cooling requirements for spaceborne surveillance

systems have become increasingly demanding. Cooling systems must

exhibit long life(i.e., 5 to 10 years), low input power, small

volume and mass, and multistage cooling from 5 to 200K. While

many surveillance systems require constant refrigeration over the

lifetime of the system, some proposed applications require cooling

to operational temperatures only on a periodic basis. Possible

system operation would provide periodic temperatures at 10-25K for

a duration of at least 20 minutes. This periodic operation would

need to be repeatable at least once in every 24 hour period.

Between these burst cooling periods, the system would be

maintained in a standby mode at 65K by either Stirling cycle

mechanical [1] -r sorption [2] refrigeration methods. A 65K heat

sink provides the necessary precooling for H2 to achieve quick

cooldown to 10-25K. A single bed hydride compressor and J-T

expander would be very suitable to produce 25K while a second low

pressure hydride is required [3] to reach 10K.

We have performed initial proof-of-principle testing

of a breadboard liquid hydrogen blowdown sorption system. The

specific details of the components and test results are described

in the present paper. Although previous hydrogen sorption

cryocoolers used LaNi 5 or its substituted alloys as the sorbent

[3, 4], recent analyses by Bowman, et al. [5, 6] indicated that

vanadium hydride (VHx) should be an attractive candidate for 25K

cryocoolers. Therefore, another objective of the present work was

to assess its behavior during laboratory experiments.
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DESIGN

System Overview

The blowdown sorption refrigeration system is composed

of two major components: a Joule-Thomson (J-T) expander cryostat

and a vanadium hydride compressor element (Figure 1.). Hydrogen

gas is supplied to the system from a high pressure cylinder. The

high pressure hydrogen passes through a liquid nitrogon bath where

it is precooled to 85K. After passing through the cryostat heat

exchanger, the H2 gas is expanded before exiting the cryostat.

The hydrogen can the.a be vented from the system or absorbed into

the vanadium hydride compressor element. During blowdown

experiz.ents the vanadium hydride compressor operat;s purely as a

hydrogen getter, absorbing effluent hydrogen from the cryostat.

Between blowdown experiments the vanadium hydride compressor must

be heated to desorb hydrogen through the vacuum pump. In a closed

system this gas would produce the high pressure gas that is

currently supplied by the hydrogen cylinder in Figure 1.

Vanadium Hydride Bed

A schematic drawing of the prototype hydride bed used

for the present experiments is presented in Figure 2. This

cylindrical vessel was fabricated from electropolisheu 316L

stainless steel with a 4.45 cm internal diameter and 19.0 cm

length. An internal helical coil of 0.635 cm o.d. 316L stainless

steel tubing permits circulation of a thermal control fluid (i.e.,
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hydride bed and connecting lines and valves.
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Fig. 2. Valex vanadium hydride compressor element. 316L

stainless case, heat exchanger coil, sintered
stainlen3 filter and thermocouples.
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heated or cooled water) tnrough the hydride powder bed. A 1.27 cm

diameter porous 316L SS tube of nominal 2 micron pore size is

centered in the vessel and is welded to the 0.635 cm o.d. hydrogen

supply line that terminates with at a VCR-fitting. The sintered

porous tube provides more direct access of hydrogen to the metal

powder along the entire length of the storage bed while containing

the activated vanadium powder. A fill tube and 1.27 cm diameter

VCR-conriection plug, which is located on the opposite end from the

hydrogen gas inlet line, allows the bed to be reused with

different sorbent materials. Stainless steel sheathed grounded-

junction chromel-alumel thermocouples were inserted into the bed

from both ends. These thermocouples were sealed by metal

compression fittings and were verified tight by helium mass

spectrometer leak testing methods for both vacuum and high

pressure conditions. The thermocouples monitor temperature at

tive locations throughout the bed during the absorption and

desorption of hydrogen.

The bed used for the hydrogen blowdown experiments was

loaded with 633 gus of vanadium metal powder with particle sizes

that passed between 20 and 100 mesh sieve screens. The metal had

been purchased from Teledyne Wah Chang with an analyzed purity of

99.5% vanadium. After sealing the bed and determining its free

volume using helium gas, the vanadium was activated by heating the

bed to above 400"C under dynamic vacuum using a turbomolecular

pump until the pressure was below 10-3 Pa. After cooling to room

temperature, the vanadium powder reacted readily with hydrogen

gas. After several hydrogen absorption-desorption cycles, the
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final composition was VH1.63 at an H2 pressure of 1.6 MPa. This

value is consistent with the isotherms measured by Luo, et al. (7.

for vanadium powder of similar purity. The reversible storage

capacity across the 0-y phase plateau [71 for VHx correspon.ds tc

about 10 grams of hydrogen for this bed as confirmed by our dirt,ct

measurements.

Joule-Thomson Expander Cryostat

Cooling to below 30K is achieved 1Žy the Joule-Thomson

eXpansion of high pressure hydrogen gas thriugh a cr)f'istat built

at Aerojet. The entire cryostat device consists of the J-T

expander, a liquid reservoir and a counterflow heat exchanger

(Figure 3). Temperature sensors mounted to various cryostat

components allow the temperature to be recorded and a small

resistance heater provides heat input which simulates a potential

load. The J-T expander is a metering valve which has been heavily

modified to allow it to function below 30K. The original

micrometer adjustment control has been extended away from the body

of the valve with a 17 cm long extension shaft. This P.llows the

o-ring seals to be located at ambient temperature and still

permits precision flow control by the metering valve. The inlet

and outlet fittings of the valve have been removed in an effort to

reduce the valve's thermal mass. The valve body casting has also

been reduced in certain areas. The liquid reservoir is located

immediately after the J-T expander. It accumulates liquid

hydrogen formed by the expansion process. The internal volume of

3the reservoir is 20 cm3. The lower half of ,•he reservoir is
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filled with 10% density copper foam. The inlet tube protrudes

through the upper half of the copper foam. TI.. exit tube from the

reservoir is flush with the top of the reservoir. The copper foam

is intended to reduce turbulence in the liquid hydrogen so that it

is not blown directly back into the heat exchanger. The

counterflow heat exchange contains three capillary tubes inserted

into a single 3.18 mm diameter tube. The capillary tubes have a

diameter of 1.07 mm. The heat exchanger is approximately 275 cm

long.

SYSTEM DESCRIPTION

Hydrogen gas for all experiments is supplied from

cylinders of 99.9995% pure hydrogen. Inlet pressure is regulated

to approximately 9.6 iWa. Immediately prior to entry into the

cryostat the hydrogen is cooled to 85-90K by passing the tubing

through a liquid nitrogen bath. After expansion the hydrogen

exits the cryostat vauui=r dewar at a temperature less than 80K.

It is warmed to ambient by an AC resistance heater coiled around

the exit tubing. Flow rates are monitored by a Unit Instrument

model 2100 flowmeter on the low pressure gas leaving the cryostat.

After exiting the cryostat the hydrogen gas can be either absorbed

by the vanadium hydride or vented from the system.

The vanadium hydride bed is mounted to a manifold

containing several calibrated reference volumes that allow

accurate measurement of the amount of hydrogen that is absorbed or

desorbed by the VHx bed. During the absorption of hydrogen the
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critical characteristics are the temperature and pressure response

of the hydride bed. As mentioned earlier, thermocouples monitor

the bed's temperature and a pressure transducer monitors the

equilibrium pressure. In order for the blowdown system to work

properly it is necessary for the hydride bed to absorb hydrogen at

a rate sufficient to maintain a pressure below 1MPa at the J-T

expander. The equilibrium pressure of the VHx system (7] is

primarily controlled by the temperature of the hydride bed. Since

the absorption of hydrogen is an exothermic process with a

measured (7] enthalpy of 19.1 kJ/mol H across the 0-7 plateau

region, the released heat must be removed from the bed for the

reaction to proceed. Temperature control of the bed is provided

by flowing chilled water through the internal heat exchange tubing

as well as by immersing the entire bed in a refrigerated water

bath.

COMPONENT TESTS

Extensive performance testing of both the cryostat and

the hydride bed were performed prior to conducting the blowdown

tests. It was necessary to determine their individual operating

characteristics prior to "system" level tests. All "system" level

tests would be initiated at a starting temperature of

approximately 65K. This simulates the expected standby baseline

temperature for potential spacecraft applications. Cooling the

cryostat so that the inlet to the heat exchanger was -85K and the

cold tip was -65K required in excess of 1000 standard liters

hydrogen. But from this "initial" state only comparatively small
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amounts of hydrogen needed to be used to achieve cold tip

temperatures below 30K. The following table summarizes the

flowrate (MH) versus time response of the cryostat and the total

amount of hydrogen consumed from the "initial" 85K starting point.

TABLE 1. Relationship of hydrogen flowrate (MH) to J-T cooldown
time and hydrogen consumption.

Cool Down H2
MH(SLPM) Time (sec) Consumed (SL)

12 -470 96

13 -305 65

15 -240 60

18 -165 49

30 - 70 35

As can be seen from Table 1, the higher the hydrogen flowrate the

faster the cool-down and the less hydrogen consumed. However, at

the same time the hydride bed must be able to absorb the hydrogen

without experiencing an excessive increase in pressure due to

rises in the bed temperature.

Figure 4 displays the time/temperature/pressure

response of the vanadium hydride bed when allowed to react with

hydrogen from the starting composition of VH0.5 to reach VH1

at a final pressure of 0.66 MPa. The temperature and pressure

responses are displayed on two different time scales. Data
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collected during the first two minutes of the absorption reaction

is displayed on the expanded time scale. Variations in

thermocouple responses are due to non-uniform reactions within the

hyd.ride bed. Several additional tests were conducted with cooling

of the hydride bed provided only from the heat exchanger coil

internal to the bed. Water at 20 "C was the cooling fluid. Also,

in each of these tests the hydride bed was exposed to a fixed

quantity of hydrogen gas at -2 MPa. No effort was made to

throttle the hydrogen flow into the hydride bed. The behavior was

always similar to Figure 4 where the hydride bed experiences a

nearly instantaneous increase in temperature and the pressure of

the hydrogen reservoir drops rapidly upon initiation of the

reaction. The absorption reaction is essentially completed within

the first 10 minutes which is followed by a gradual reduction of

the hydrogen pressure to about 0.7 MPa once the hydride bed's

temperature has reached -20"C.

SYSTEM PERFORMANCE TESTING

Four series cf tesas were conducted t(. identify most

effective operating characteristics of the blowdo,., iystem. It

was quickly discovered that the cooling provided by Llowing 5"C

water through the internal heat exchanger was not capatiA of

providing sufficient cooling to allow the hydride b•ua to absorb

hydrogen at flow rates necessary to achieve cooldovi,. With the

additional cooling provided by immersing the hydrice b.d in a

refrigerated water bath at 5"C it was then possible to perform

tests which were capable of absorbing hydrogen at sates necessary

to achieve the desired cooldown at the J-T expander cold tip.
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The temperature/pressure response of the hydride bed

as well as the temperature/flowrate response of the cryostat are

shown in Figure 5 and Figure 6, respectively. During the test it

was necessary for the hydrogen flowrate through the J-T expander

to be manually adjusted. Initially, a high flowrate (-20 SLPM) is

maintained until the cryostat achieves its baseline temperatures

of approximately 85K at the heat exchanger inlet and 65K at the

cold tip. During this period the hydrogen is vented out of the

system. When the baseline temperatures are achieved, hydrogen

flow is diverted into the hydride bed by closing and opening two

manual valves. During the cooldown phase of the J-T expander a

constant hydrogen flowrate is maintained. Flow is reduced when

the temperature is sufficiently low to produce liquid hydrogen.

This change also allows the hydride bed to be more effectively

cooled from a peak temperature of 28"C to between 14 and 21"C. As

the pressure over the hydride bed begins to rise due to a sloping

absorption isotherm [7) and the J-T expander has produced some

quantity of liquid hydrogen in the reservoir, the hydrogen flow

through the J-T expander is stopped by fully closing the metering

valve. At this time the only hydrogen flow to the hydride bed is

from the boil-off of the liquid reservoir. The cold tip

temperature typically drops slightly at this point due to the

reduction in pressure when the metering valve is closed. The cold

tip temperature remains relatively stable until the hydrogen has

completely boiled off or the hydride bed becomes saturated and its

pressure increases more rapidly [7]. Under these conditions it

has been possible to obtain temperatures of -27K at the cold tip.

Cooldown of the cold tip is achieved in about four minutes with a
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hydrogen flow rate of approximately 12 SLPM. The current

configuration is very sensitive to hydrogen flow rate. If the

flowrate is below 12 SLPM, the J-T excpander will not cool to below

30K. If the flowrate is slightly above 12 SLPM, the hydride bed

cannot absorb the hydrogen fast enough to maintain a sufficiently

low pressure to allow the formation of liquid hydrogen below 30K.

THERMAL CYCLING OF A VHX BED

In addition to the periodic 25K cryocooler systems, VHx

beds should also be viable candidates [5, 6] for continuous

cryocooler applications that involve four or more beds undergoing

heating-cooling cycles with nominal one hour cycle times (3,4].

Consequently, a second vessel identical to Figure 2 was filled

with a thoroughly mixed combination of 356 grams V and 448 grams

Cu powders. Copper serves as a potential enhancement for heat

conduction as well as thermal ballast. After an activation

treatment similar to that described previously for the bed

containing only vanadium, a stoichiometry of VH. 69 was reached in

this bed.

A separate and previously described [8] test station

was employed to characterize the VHx/Cu sorbent bed during a

series of thermal cycling experiments. Hot (i.e., temperatures

between 70 and 90"C) and cold (i.e., 10'C) water was alternatively

pumped through the inner stainless steel tube of the bed.

Representative data collected during a test with a 3.0 1/min water

flowrate are presented in Figure 7. After heating until the

pressure exceeded 5.0 MPa, the valve connecting the VHx/Cu bed to
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a 3.0 liter reference volume was opened to permit desorption.

When desorption was complete and the bed was at a uniform high

temperature (i.e., 90*C), the valve was closed and the bed was

quickly cooled by flowing 10"C water through the tube. Hydrogen

was absorbed from the volume when the valve was again opened.

These tests were repeated for various combinations of hydrogen

pressure, water flow rate, and hot water temperature. The time

constants for hydrogen absorption varied between 4.0 and 7.0 min

while the desorption constants ranged between 6.0 and 8.2 min.

These values are 2 to 3 times longer than those observed from

another VHX bed with an entirely different design [8] that

circulates the water around seven 1.91 cm diameter tubes.

Furthermore, the VHx/Cu bed examined in the current tests

exhibited variations in thermocouple response times that indicate

non-uniform reactions within the bed. This behavior is due to the

low effective thermal conductivity of metal hydride powder. The

quantity of hydrogen absorbed or desorbed varied with the applied

pressure and temperature difference between the hot and cold water

baths. The maximum reversible storage capacity corresponds to a

Ax of 0.70 for the cycles between 10 and 90"C. These temperature

cycling experiments demonstrate that VHX is also a competitive

hydrogen sorbent for continuous sorption cryocoolers operating

around 25K.

SUMM4ARY AND FUTURE PLANS

A prototy-e J-T expander and VHx sorbent beds have been

built and tested to assess the potential of VHX for fast cooldown

production of liquid hydrogen. Initial experiments have
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demonstrated their feasibility. However, the design of the

container must be modified to enhance removal of heat generated

during hydrogen absorption. Furthermore, the VH, beds probably

need cooling below 0"C if the J-T cold tip is to go below 25K.

Additional tests uare planned to perform further

hydrogen blowdown experiments but using different hydride

materials. In particular, hydrides with lower equilibrium

pressures at the refrigerated bath temperature should allow the J-

T expander to achieve lower temperatures. LaNi 4 . 8 Sn 0 . 2 which has

a - 0.05 MPa plateau pressure [9] at 20'C, will be the next

hydride material to be tested in combination with the currert J-T

expander. The boiling point of liquid hydrogen at this pressure

is less than 20K. However, due ;o the pressure drop in the heat

exchanger tubing and othcr lines and valves we expect the minimum

tempeiaturi to be 2O-21K for an adequately cooled La.Ni 4 . 8 Sn 0 .2

sorbent bed.
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DESIGN OF A METAL HYDRIDE SORPTION CRYOCOOLER SYSTEM

HAL J. STRUMPF
ROBERT H. NORMAN

ALLIED-SIGNAL AEROSPACE COMPANY
AIHESEARCH LOS ANGELES DIVISION

TORRANCE, CA 90509

INTRODUCTION

A study is being performed by the AiResearch Los Angeles Division of

Allied-Signal Aerospace Company for the analysis and design of a metal hydride sorp-
tion cryocooler system to cool a focal plane array. The work is being performed for

Hughes Aircraft Company. Cryocoolers were studied at 30 K and 10 K. Both systems
provide intermittent cooling at these levels. The work emphasized the key component

in the cryocooler system, the metal hydride sorption bed assembly. This component

acts as a thermal compressor to recycle the hydrogen used to produce the refrigera-
tion. The present paper concentrates on the 10 K system.

The refrigeration is effected by sublimating solid hydrogen at 10 K. The solid
hydrogen is contained in a porous wick that interfaces with the heat load. The solid
hydrogen is produced in a batch process by cooling, solidifying, and subcooling liquid

hydrogen formed at 30 K by a Joule-Thomson (J-T) expansion. Precooling for the J-T

expansion is provided by a Stirling cycle stadard spacecraft cryocooler (SSC).

METAL HYDRIDE SORPTION CRYOCOOLERS

Certain metals react with nydrogen to form a metal-hydroyun compound called a
rmetal hydride. Such reactions are often fully reversible, i.e.:

M+H * H (1)

where M is the reacting metal.

At a giver, temperature, the forward reaction (hydrogen absorption) and the
reverse reaction (hydroge! descrption) occur at a relatively constant pressure over a

wide range of compositions. This pressure, called the plateau pressure, may be
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different for the absorbing and desorbing isotherms due to hysteresis effects. The

absorption reaction is usually exothermic while the desorption reaction is usually

endothermic. ,

These properties make metal hydrides useful for hydrogen storage and retrieval.

Hydrogen can be stored by absorbing at constant pressure if the heat of reaction is -
removed. To retrieve hydrogen, the metal hydride can be desorbed at constant •

pressure by heating. The temperature level maintained in the metal hydride determines

the equilibrium hydrogen pressure.

These storage and retrieval characteristics can be utilized in cryogenic systems
that produce cooling by the expansion and phase change of hydrogen. The spent

hydrogen can be absorbed by metal hydride beds at a low pressure and relatively low
temperature. To recover the hydrogen, the beds can be desorbed at a high pressure

and relatively high temperature. This hydrogen "thermal compression" acts to refill the

high-pressure hydrogen source used to feed the refrigeration system.

POROUS METAL HYDRIDE COMPACTS

AiResearch is proposing the use of porous metal hydride (PMH) compacts for the

metal hydride sorption bed. The PMH compacts consist of a porous, three-

dimensional, inert metallic matrix incorporating metal hydride particles. PMH compacts

offer a stable form of metal hydride that will not comminute (degrade to a fine powder)

with repeated cycling. This feature is especially important in a space microgravity envi-

ronment. The use of PMH compacts is viewed as a risk-reduction approach for the

sorption bed that will increase the probability of success and provide a robust hydride

bed design.

Description of the Porous Metal Hydride Compact

Porous metal hydrides( 1 to 3) are metal composites (or compacts) made from the

compaction of a thermally conductive metal powder with a fully hydrided (and therefore

swollen) metal hydride powder. The high compaction pressure causes the inert metal

I powder to flow plastically; this binds the metal hydride together to form the compact.

The inert metal does not form an alloy with the metal hydride. Subsequently, the

hydrogen is desorbed from the compact, resulting in shrinkage of the rlehydriding
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metal particles and the formation of a porous structure within the compact. The
microstructure of a partially desorbed PMH compact is illustrated in Figure 1. The
cross-hatched, white, and dark areas represent the metal hydride, conductive metal,

and pores, respectively. The conductive metal, which forms a continuous matrix
through the compact, is nonporous and does not absorb hydrogen. Dehydrided metal

is shown with vertical lines.

Advantages of PMH Compacts Over Metal Hydride Powders

PMH compacts offer a number of advantages over metal hydride powders in
hydrogen heat pumps and heat storage devices, including.

(a) An increase in thermal conductivity (10 to 50 times greater than powder)(5)

(b) A stable structure with a constant porosity that will not comminute with

repeated cycling

(c) Easier engineering (configuration design)

(d) Avoidance of potential plugging, agglomeration, and handling problems
associated with metal hydride powders in a microgravity environment.

Depending on geometry, agglomeration (self-compression) could Degrade

z ij, PORES

, DEHYDRIDED
METAL

- - HYDRIDE

IG-08649

Figure 1. Schematic of Microstructure of Porous Metal Hydride(4)
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mass transfer and/or create structural failures due to swelling upon
hydrogen absorption.

The increased thermal conductivity of the compact results from the continuous
metallic matrix that forms between the metal hydride particles. The metal matrix effec-
tively provides a path for transfer of the heat of reaction to and from the metal hydride
particle. In metal hydride powders, no such conductive path exists, and these powder
beds inherently have lower heat and mass transfer characteristics than PMH corn-

pacts.(. 6) The low thermal conductivity of powder beds has been show.,- to be respon-
sible for the slow heat transfer response of heat pumps containing the powdered metal
hydride.(5 ) In contrast, the increased heat transfef characteristics of PMH compacts
may improve the overall thermal response oi the heat pump. As discussed below, the
poor thermal conductivity of powdered metal hydrides is a key factor in comminution
and agglomeration, which may be exacerbated in the microgravity environment of
space.

Powders are poor thermal conductors. Due to the high heats of reac-i:',n asso-
ciated with metal hydrides, high localized surface temperatures may re .-, ,orM their
poor heat transfer properties. This will invariably result in sintering and aggl,-;ncration.
Experience indicates that the size of hydride particles will be reduced due to the
comminution common to these systems, and the strength of the sintered agglomerates
is expected to increase as the metal particit- size decreases. The expansion of the met-
al hydride mass from hydrogen absorption, %:coupled with high-strength sintered
agglomerates, could result in structural containment failures. The use of PMH com-
pacts should eliminate this potential problem.

The PMH compacts may be easier to engir.er into a suitable configuration than
metal hydride powder systems. Comminution of the hydride powders decreases both
the heat and mass transfer characteristics of a hydrogen heat pump over time.(6) In
addition, the hydride powder must be enclosed or encapsulated to prevent the fine
powder from escaping the system. Fine powders can piug their porous containers,
requiring larger pressure drops to remove the hydrogen. In the PMH compact, the
compact remains integral and stible with time. Very little deierioration of the compact
occurs after many cycles, and the porosity of the compact rernains constant from cycle
to cycle.(') Since the porosity of the compact remains constant, the pressure drop
across the corrcact does not vary from cycle to cycle as may be the case in the
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powder systems. The PMH compacts also exhibit a faster and more constant thermal

response over time.

The PMH compacts inherently provide for compartmentalization of the metal
hydride material. AiResearch development of other systems undergoing large revers-
ible volume changes in rricrocravity, such as the heat-of-fusion thermal storage con-
tainment canisters for the Space Station Freedom solar receiver, has indicated the

desirability of compartmentalization.(8) Compartmentalization limits potential agglomer-

ation and migration effects, which could cause structural damage to the material

container.

The PMH compacts have the potential for very long life and numerous cycles.
Lanthanum pentanickel/aluminum compacts have been successfully tested at over
22,000 cycles, with very little disintegration or cracking.(9 )

CRYOCOOLER DESIGN REQUIREMENTS

The cryocooler is required to produce an intermittent 0.15-w cooling load at 10 K.
The required duty cycle is 15 min on, 75 min off for a maximum of three consecutive
cycles. Following these three 90-min cycles, the remainder of a 24-hr day is available
for recovery. A continuous 2-w load at 65 K is provided by an SSC Stirling refrigerator
(not studied in the present effort). Cooldown time from 65 K to 10 K is 2 min. The

equivalent space sink temperature is taken as 285 K.

SYSTEM ARCHITECTURE AND OPERATION

The intermittent cooling is accomplished using a three-stage cryocoolor. The first
stage is a continuous SSC operating at 60 K. The SSC also provides the required 65 K
load. The SSC is connected to a nitrogen heat of fusion heat sink, operating at the
nitrogen triple point, 63.1 K. The heat sink acts as a precooler for the second stage, an
intermittent J-T expander that produces liquid hydrooen at 30 K. This liquefaction

occurs only during a portion of the 2-min cooldown period (90 sec). The liquid hydro-
gen is collected in a porous wick that interfaces with the heat load. The produced
hydrogen vapor is absorbed by a high-pressure metal hydride sorption bed. The third-
stage cooling is effected by hydrogen sublimation at 10 K. During the remainder of the
2-rain cooldown period (30 sec), the liquid hydrogen produced by the second stage is
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cooled, solidified, and subcooled to 10 K by exposure to low pressure provided by a

low-pressure metal hydride sorption bed. Sublimation continues at 10 K for the 15-min

load period. Paraffin wax heat of fusion heat sinks are required for both the high-

pressure and low-pressure metal hydride beds, to absorb the released heat of reaction

and ensure constant temperature operation of the sorption beds.

To reuse the system, hydrogen from the second and third stages is recycled

using thermal compression effected by bed heating and hydrogen desorption. The

compression occurs in two stages. First, hydrogen from the low-pressure bed is trans-

ferred to the high-pressure bed, then the high-pressure bed hydrogen is transferred to

the hydrogen storage bottle.

The system operation can be followed with the aid of the system schematic

(Figure 2), with the five solenoid valves indicated as boxed numbers. The circled num-

bers are the system statepoints. Note that HX2, the J-T expansion device, and the

hydrogen receiver/wick are maintained inside a 65 K temperature shield at all times.

SDIRECTION OF HEAT CRY LE 1.170T01

TRANSFER 65 K SHIELD

- 0 YDQOGEN FLOW HYDROGEN

liJ-T REC.EIVER

0 ( H) MAT S;N,( PRECOOLER DEV

SH,

10 K HEAT LOAD

Figure 2 Crooo PASAFeaFINt
MTLH R!EWAX HEAT moo 'SPA R

OF FUSION
FJT.UHEAT SINK )'

SPARAFFIN LO HYDRDESS EA

LSOACE WAX HEAT H`Y SRrTONUiTE

RAD:' ORF OF FUSIONSOPINUT

HEATER I-9 -

Figure 2. Cryocooler Schematic
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To initiate cooldown to 10 K, valves 1 and 2 are opened. Valves 3, 4, and 5 are
closed. High-pressure hydrogen from the storage bottle is precooled by the heat
exchangers and the nitrogen heat of fusion device and expanded in the J-T device. Thne
expansion results in a partial liquefaction of the hydrogen in the receiver. The liquid is
collected in the porous wick. The vapor flows back through the heat exchangers (cool-
ing the incoming flow) and is absorbed in the high-pressure metal hydride sorption unit.
Temperature control of the sorption unit results in a sorption bed pressure of 120 psia.
This is the equilibrium pressure of hydrogen at 30 K, which is thus the liquid tempera-
ture in the wick. This process continues for 90 sec. The J-T expander is sized such
that the required quantity of liquid will be collected in the wick during this period.

At this point, valves 1 and 2 are closed, and valve 3 is opened. This subjects the
collected hydrogen to a downstream pressure of 1.5 torr, achieved by controlling the
temperature of the low-pressure metal hydride sorption unit. With this low downstream
pressure, hydrogen will evaporate from the collected liquid in the wick. The evaporated
hydrogen is absorbed in the low-pressure bed. The evaporation process cools the col-
lected liquid. As the process continues, the hydrogen triple point is reached (13.8 K)
and the hydrogen is solidified. Cooling of the solid hydrogen is effected by sublimation
until 10 K is attained. The hydrogen vapor pressure at this temperature is 1.9 torr, com-
fortably above the 1.5 torr bed pressure. This cooldown process continues for 30 sec.

At this point, 2 min have elapsed and the 10 K heat load can now be handled.
The heat load is dissipated by continued sublimation of hydrogen, with absorption in
the low-pressure bed. The cooling period is 15 min. After this cooling period, no hy-
drogen desorption is effected during the remainder of the 90-min orbit. The sorption
beds and hydrogen bottle are sized such that three orbits, each with a 2-min cooldown
and a 15-min cooling period at 10 K, can be handled.

At the end of the third orbit, recovery can begin. A total of 19.5 hr is available for
recovery. Valves 1, 2, 3, and 5 are closed while valve 4 is opened. The low-pressure
bed is heated to a temperature appropriate for desorption at 120 psia. The hydrogen
desorbed from the low-pressure bed is absorbed by the high-pressure bed. This
process continues for approximately 4 hr.

Valve 4 is now closed and valve 5 is opened. The high-pressure bed is heated to
a temperature appropriate for desorption at the initial hydrogen bottle pressure of
approximately 800 psia. The hydrogen is transferred to the storage bottle over a 10-hr
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period. At the end of this time, essentially all the hydrogen in the system (except for

small quantities remaining in the beds and lines) has been returned to the storage

bottle. Valve 5 is closed.

During the remainder of the recovery period, the beds are cooled to operating

temperatures by heat, ejection to space. The nitrogen heat of fusion precooler, and the

paraffin wax heat of fusion heat sinks associated with the sorption beds, are regener-

ated (frozen) during the recovery period. At the end of the recovery period, the system

is ready for another 24-hr cycle.

CRYOGENIC SYSTEM PERFORMANCE

A preliminary performance analysis was conducted to predict system operation

during the liquefaction, solidification, and steady-state cooling periods. Cryogenic sys-

tem transient and steady-state computer programs were used to aid in the prediction.

Steady-State Cooling

The sublimation rate at 10 K required to provide 0.15 w of cooling is 0.0025 lb/hr

(based on a latent heat of sublimation of 204.9 Btu/lb). Since the system operates for

three 15-min periods, the total required sublimation is (0.0025 lb/hr) (0.75 hr)
0.00188 lb.

Solidification

Each solidification process occurs over a 30-sec period. During this time, hydro-

gen in the wick is evaporated arid sublimed to provide the cooling to lower the temper-

ature of the remaining hydrogen from 30 to 10 K. The equilibrium vapor pressure is
lowered from 119.3 psia to 1.94 torr. The process can be analyzed by using the same
principles that apply to a cryogenic tank venting vapor. Details of the analysis are

presented elsewhere(10 ).

The calculated pressure decay in the receiver as a function of the mass removed

is plotted in Figure 3. Here the mass removed is expressed as a fraction of the initial

mass that was evaporated and sublimed to reach the final state (solid and vapor at
10.0 K). Expressed this way, the path is independent of receiver volume or initial mass.
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As indicated, 44.56 percent of the initial mass of liquid hydrogen at 30 K is lost in the

process of evacuating to solid/vapor at 10 K.

Based on the total required hydrogen sublimation of 0.00188 Ib, the total required

liquefaction is 0.00186 lb/(I-0.4456) = 0.00338 lb.

A simplified flow rate model was adopted to estimate the flow rate variation during

the evacuation process. It was assumed that the evacuation line restriction will be dom-

inated by flow through a valve (valve 3 in Figure 2) with a flow coefficient, Cv, defined as

the number of gallons per minute of room temperature water that will flow through the

valve with a pressure drop of 1 psi. The same flow coefficient is used with appropriate

formulas for flow of gases. Details are presented elsewhereu0 ).

The desired Cv resulted in a mass change of 0.00338 - 0.00188 = 0.0015 lb

(determined by integrating the flow rate over the three identical 30-sec evacuation peri-

ods). The calculated Cv is 0.0057, equivalent to an orifice size of 0.014 to 0.018 in. The

results are plotted in Figure 4, which shows both flow rate and pressure over the 30-sec

evacuation period.
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Figure 3. Pressure Decay in Receiver During Evacuation
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Figure 4. Evacuation Flow Rate and Receiver Pressure Time Dependence

It is interesting to note when comparing Figure 3 with Figure 4, that at the triple
point, over 51 percent of the time is associated with removing only about 16 pernent of
the mass. This is a direct function of the significantly lower flow rate at that pressure.

Typical system statepoints during the 90-sec liquefaction period are presented in
Table 1; statepoint locations are the circled numbers in Figure 2. System conditions
change during the cooling period as the hydrogen supply tank pressure varies. Table 1
represents conditions for a tank pressure of 600 psia. Typical tank pressure variation is
from 800 to 400 psia. The statepoints are based on effectiveness values of 0.99 for
both HXI and HX2. These high effectiveness values are att~ainable since the heat
exchanger capacity rate ratios are considerably different from unity; 0.82 for HX1 and
0.62 for HX2. The produced liquid fraction is 0.1332.

The total hydrogen required to be expanded is 0.00338 lb/0.1332 = 0.0254 lb.
Since this expansion occurs over three 90-sec periods, the average flow rate is
(0.0254 lb)/[(3)(90 sec)] = 0.3387 lb/hr.
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TABLE 1

CRYOCOOLER STATEPOINTS DURING LIQUEFACTION

Statepoint P, psia T, K H, Btu/Ib

1 600.00 300.00 1814.16

2 600.00 108.34 499.98

3 600.00 65.00 233.44

4 600.00 43.43 60.27

5 119.30 30.00 60.27

5L 119.30 30.00 -48.04

6 (5V) 119.30 30.00 76.91

7 119.30 64.65 276.69

8 119.30 297.65 1792.80

METAL HYDRIDE MATERIAL SELECTION

Low-Pressure Bed

The metal hydride material selected for the low-pressure bed is zirconium nickel.

This metal exhibits a reversible hydriding reaction between hydrides of nominal compo-

sition ZrNiH and ZrNiH 3 . The ZrNiH composition represents the solubility limit.

The actual hydrogen capacity can be determined from available ZrNi-hyorogen

pressure-composition isotherms. The capacity is the difference between the maximum

composition at the absorbing pressure (1.5 torr) and tW .nperature and the minimum

composition at the desorbing pressure (120 rsia) and temperature.

The only available isotherms at pressuies a:ý high as 120 psia are those of Luo,(1)

which indicate a composition of ZrNiH0.84 at the approximate desorbing temperature of

660-F (622 K). At the absorbing pressure, Luo's data indicate a composition of

ZrNiH2.4 1. Other data sources indicate attainable absorbing compositions

of ZrNiH 2.80(12 ) and ZrNiH 2 .6(13). These data are at an absorbing temper, ture of 2240F

(380 K). The arithmetic average of the available data yields a range of ZrNiH 0.84 to

ZrNiH2.69, for a net hydrogen capacity of 1.85 gm-atom hydrogen per gm-mole ZrNi.
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The heat of reaction is taken as 35,000 joule/gm-atom hydrogen = 14,900 Btu/lb

hydrogen.("1)

High-Pressure Bed

The baseline material was selected from a group of vanadium-titanium-iron alloys.

Vanadium and vanadium alloys absorb significantly more hydrogen by weight and vol-

ume than competing materials such as lanthanum pentanickel. Vanadium forms a

body-centered cubic (bcc) lattice and can react with hydrogen to form a dihydride.

There is an cr-phase at low loadings of hydrogen representing the solid solution of hy-

drogen in the metal, followed by the formation of the P3-phase representing the monohy-

dride. Once the 13-phase is completed, another solid -olution phase is formed, repre-

senting the formation of the dihydride (-y-phase).

The P-phase (monohydride) formation occurs at very low pressure. In practice,

once hydrided, the monohydride phase hydrogen can never be recovered, and a prac-

tical system would cycle between the monohydride and dihydride phases.

Extensive work has been done at Allied-Signal on systems based on bcc-hydride-

forming alloys.(14-16 ) This work led to the discovery that these alloys exhibit rapid, ates

of hydride formation at room temperature without prior activation.i 5 ) This is accom-

plished by the addition of a minor amount of a metal whose radius is at least 5 percent

smaller than the major component metal. The effect was found not to be restricted to

binav alloys. The bcc alloys of V-Ti prepared by high-temperature quenching exhibit

rapid hydriding with the addition of a third element.("') Third elements identified as ap-

propriate were Fe, Mn, Co, Cr, and Ni.

The properties of the metal hydrides were found to be closely tied to the lattice

parameter. For the V-Ti alloy, adding increasing amounts of Fe yields a shrinkage of the

lattice parameter, decreasing both reaction enthalpy change (AH) and entropy change

(AS). This results in pressure-composition isotherms having varying plateau pressures

as the Fe content is changed.

For the absorbing pressure of 119.3 psia, the alloy (Vo 9Ti0.1)o.98Feo0 2 exhibits an

isotherm at about 194"F, a reasonable operating temperature. The desorbing

temperature at 800 psia is 3300F.
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Detailed isotherms for the selected alloy, measured previously at Allied-Signal, are

shown in Figure 5. Figure 6 shows the van't Hoff plot of the selected alloy. Van't Hoff

plots estimate the enthalpies and entropies of reaction by plotting the log of the average

plateau pressure (PH2) as a function of reciprocal temperature using the van't Hoff

relationship:

InPH2  AH AS (2)

RT R

where R is the gas constant, and T is the absolute temperature.

The actual hydrogen capacity of the selected alloy is the difference between the

maximum composition at the absorbing pressure and temperature, and the minimum

composition at the desorbing pressure and temperature. This net capacity is

approximately 0.85 gm-atom hydrogen per gm-mol metal. The heat of reaction is

10,240 Btu/Ib hydrogen.

PMH COMPACT FORMULATION

Low-Pressure Bed

The ZrNi compacts contain 35 percent alurinum by volume (16.4 percent alumi-

num by weight). The porosity is approximately 25 percent. The resulting PMH com-

pact density is 271.3 lb/cu ft.

The compacts are in the shape of flat cylinders-0.125 in. dia by 0.025 in. thick.

The compacts are configured into a packed bed. For the compact geometry, a reason-

able bed void fraction is 50 percent.

High-Pressure Bed

The compacts contain 35 percent aluminum by volume (20.1 percent aluminum

by weight). The porosity for this loading is approximately 25 percent. The resulting

PMH compact density is 222 lb/cu ft.

The compacts are in the shape of cylinders--0.0625 in. dia by 0.0625 in. thick.

The compacts are configured into a packed bed. For the compact geometry, a

reasonable bed void fraction is 40 percent.
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Figure 5. Pressure-Composition Isotherms for the -y # 13 Transition in the
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PHASE CHANGE MATER!AL

A heat-of-fusion phase change material (PCM) is utilized as part of the metal
hydride bed assembly. The PCM absorbs the heat of reaction during hydrogen ab-

sorption while maintaining a constant temperature. The PCM is regenerated (frozen)

during the recovery period.

The selected PCM for both beds is n-docosane (n-C2H4), a normal paraffin wax

with a congruent melting temperature of 111.20F Other relevant properties are latent

heat oi fusion = 107 Btu/lb, solid density = 47.6 lb/cu ft, and solid thermal conductivity

= 0.0865 Btu/hr-ft-°F.

METAL HYDRIDE BED ASSEMBLY

The two bed assemblies are similar in functional configuration, i.e., an integral

assembly comprising a PMH compact bed, a gas gap thermal switch, a thermal stor-

age unit (TSU), and a space radiator.

The high-pressure bed is much larger than the low-pressure bed even though
there is no required load corresponding to the 120-psia bed pressure (30 K). This is

because the high-pressure bed must absorb the hydrogen vapor produced during the

J-T liquefaction. The liquid fraction is only 0.1332.

Low-Pressure Bed Assembly

The low-pressure bed assembly is shown in Figures 7 and 8. Hydrogen flows into

or out of the PMH bed via a 1.1-in. (2.9-cm) dia duct with walls fabricated from a porous
stainless-steel plate. The duct has a center blockage to reduce wasted volume. The

porous plate mesh should be fine enough to contain any metal hydride particles broken
off the PMH compacts. This arrangement allows for flow in the radial direction, thus

minimizing pressure drop. The PMH compacts reside in an annular region between the

porous plate and an outer stainless-steel tube that contains the hydrogen pressure [at
2.2-in. (5.5-cm) dia]. Approximately 12,300 PMH compacts are required. Axial stain-
less-steel fins attached to the porous plate aid in heat transfer. Fifteen fins are used,

each 0.5 in. high and 0.006 in. thick. A continuous heater element is wound within the

fin passages. This element provides the heat for hydrogen desorption.
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The metal hydride bed is surrounded by an annular gas gap of 0.180 in. The gap

is filled with 30 layers of aluminum multilayer insulation (MLI). The gas gap functions as

a thermal switch, offering a conductive path when filled with helium and acting as an in-

sulator when evacuated.

Outside the gas gap is the TSU, consisting of an aluminum structure containing

the PCM. The structure is composed of inner and outer tubes with axial fins in the

annular region. Eighty fins are used, each 0.627 in. high and 0.01 in. thick. The PCM is

contained and compartmentalized within the fin passages. The outer surface of the

TSU acts as the radiator. The total metal hydride bed assembly weight is 2.0 lb.

High-Pressure Bed Assembly

The high-pressure bed assembly is shown in Figures 9 and 10. Approximately

76,700 PMH compacts are required. There are 32 fins in the metal hydride bed, eadiI

0.25 in. high and 0.016 in. thick. The gas gap is 0.018 in. high, and contains three lay-

ers of MLI. The TSU comprises 99 fins, each 0.602 in. high and 0.01 in. thick. The total

metal hydride bed assembly weight is 8.0 lb.

PRESSURE DROP

Low-Pressure Bed Assembly

Perhaps the key consideration corc(-!n.-; Zh, viability of the PMH compacts for

the low-pressure metal hydride bed is ti.q ad,.qL1..cy of the individual compact perme-

ability to hydrogen. Although the total rna,,; iow " is quite low (0.0025 lb/hr), the low

hydrogen density at the bed )perating pressure of 1.5 torr results in a moderately high

volunatric flow rate.

The permeability of LaNi5 PMH compacts haS bean measured. However, these

measurements were taken at ambient pressures, re_,ut.'ig in a continuum or viscous

flow regime. At 1.5 torr, the flow can be shown to be prnnu.,ily in the rarefied gas or

molecular flow regime. No PMH compact permeabift; dati exist for this flow regime.

In lieu of data, a predictive approach was taken.

The app:.ý)ci -. 'i-,icf h is discussed in detail elsemh.'.*e(; ), -redicts the molecular

flow permea'.iLty, f. or the moii-sured ,.s:,is.. fw f .w rmea!ility and a calculated
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molecular-to-viscous flow conductance ratio(2°). The calculated permeability is 4.108 x
10-12 sq ft.

Based on this permeability, the maximum- pressure drop through the PMH com-

pacts (at the end of the absorbing period) is approximately 0.3 torr. The reaction pene-

tration depth is 0.006 in. into the 0.025-in.-thick compacts, resulting in some unused

metal hydride available for reserve. The bed design accounts for this unused region.

In addition to the PMH compact pressure drop, there will be a pressure drop

associated with flowing hydrogen in the bed formed by the ccmpacts. This pressure

drop is approximately 0.03 torr.('9)

High-Pressure Bed Assembly

Because of the high operating pressure (119.3 psia), the pressure drop in the

FMH compact bed is quite small.

THERMAL STORAGE

The thermal storage units were sized to handle the entfre heat loads for the three

consecutive cooling r eriods. For the low-pressure bed, the heat storage requirement

is: (14,900 Btuilb) (0.0.M338 Ib) = 50.4 Btu. The PCM requirement is 50.4 Btu/107 Btu/

lb = 0.47 .b. For the hih-pressure bed, the heat storage requirement is: (10,240 Btu/

!b) (0.2938 ib/hr) (3) (G%' ec) = 225.6 Btu. The PCM requirement is 225.6 Btu/107 Btu/

lb = 2.11 lb.

kECOVERY

Bed heatup, desorption, and cooling occur during the 19.5-hr recovery period;

heat rejection to space occurs during the entire cycle. Since no recovery is required

between the three cycles, the cooling loads can be taken consecutively to provide up to

45 min of continuous cooling at 10 K. The recovery occurs in two stages: first,

hydrogen is desorbed from the low-pressure bed to the high-pressure bed and

second, hydrogen is desorbed from the high-pressure bed to the storage vessel.

916
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Low-Pressure Bed Recovery

1. Bed Heetup

During bed heatup, the bed is heated from its operating temperature (around
2060F) to its desorbing temperature (6600F) The gas gap thermal switch is evacuated;
the average heat loss through the MLI is 1.5 w. The bed mass is approximately 1.0 lb.
At an average heat capacity of 0.1 Btu/lb-°F, the bed thermal capacitance is 0.1 Btu/F.
The energy required for bed heatup is thus: (0.1 Btu/°F) (660°-206°F) = 45.4 Btu =

13.3 w-hr.

2. Bed Desorption

Desorption occurs with the gas gap evacuated. The total energy requirement is
50.4 Btu = 14.8 w-hr.

3. Heater Power

For an assumed time of 4 hr to effect the bed heatup and desorption, the heat
leak is (1.5 w) (4 hr) = 6.0 w-hr and the required heater energy is: 13.3 + 14.8 + 6.0
= 34.1 w-hr. The heater power is 34.1 w-hr/4 hr = 8.5 w.

4. PCM Regeneration

The PCM is regeneraed continuously, since the radiator always rejects heat to
space. Thus, the time available for PCM regeneration and bed cooldown is 24 hr, with
the proviso that the cooldown cannot begin prior to completion of bed desorption. To
regenerate the PCM, the heat absorbed by the PCM plus the heater heat leak through
the MU must be rejected to space (14.8 + 6.0 = 20.8 w-hr = 71.0 Btu).

The radiator heat rejection rate, based on a radiating temperature equal to the
PCM melting temperature, a space heat sink temperature of 285 K, and a thermal emis-
sivity of 0.85, is approximately 54 Btu/hr-sq ft. For the radiator area of 0.254 sq ft, the
heat rejection rate would be 13.7 Btu/hr. The PCM will thus be regenerated in
71.0 Btu/13.7 Btu/hr = 5.2 hr.

5. Bed Cooldown

Bed cooldown can begin after bed desorption. The available time is 19.5 - 4 =
15.5 hr. The required heat rejection is 45.4 Btu. The required rate is 45.4 Btu/15.5 hr =

AiResearch 
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2.9 Btu/hr. This is below the radiator heat rejection rate. Bed cooldown occurs with the
gas gap filled with helium.

High-Pressure Bed Recovery

After absorbing the hydrogen from the low-pressure bed, the high-pressure bed
has 15.5 hr remaining for recovery.

1. Bed Heatup

During bed heatup, the bed is heated from its operating temperature (194°F) to

its desorbing temperature (330°F). The gas gap is evacuated; the average heat loss
through the MU iL 16.3 w. The bed mass is approximately 4.0 lb. At an average heat
capacity of 0.1 Btu/Ib-°F, the bed thermal capacitance is 0.4 Btu/°F. The energy
required for bed heatup is thus: (0.4 Btu/OF) (330°-1940 F) = 54.4 Btu = 15.9 w-hr.

2. Bed Desorption

Desorption occurs with the gas gap evacuated. The total energy requirement is:
(10,240 Btu/Ib) (0.3387 lb/hr) (3) (90 sec) = 260.1 Btu = 76.2 w-hr.

3. Heater Power

For an assumed time of 10 hr to effect the bed heatup and desorption, the heat
leak is (16.3 w) (10 hr) = 163 w-hr and the required heater energy is: 15.9 + 76.2 +
163 = 255.1 w-hr. The heater power is 255.1 w-hr/1O hr = 25.5 w. This is larger than
the heater power required for the low-pressure bed. The power is supplied sequentially

for each bed.

4. PCM Regeneration

The heat rejection requirement is 76.2 + 163 = 239.2 w-hr = 816.4 Btu. For the
radiator area of 1.136 sq ft, the heat rejection rate would be 61.3 Btu/hr. The PCM will

thus be regenerated in 816.4 Btu/61.3 Btu/hr = 13.3 hr.

5. Bed Cooldown

Bed cooldown can begin after bed desorption. The available time is 15.5 - 10 =
5.5 hr. The required heat rejection is 54.4 Btu. The required rate is 54.4 Btu/5.5 hr =
9.9 Btu/hr. This is below the radiator heat rejection rate.

AiResearch 918
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SUMMARY

Analysis and preliminary design have been conducted for a focal plane array

cryocooler. Cryocoolers were studied at 30 K and 10 K. Both systems provide intermit-

tent cooling at these levels. The work effort emphasized the key component in the cry-

ocooler system, the metal hydride sorption bed assembly. This component acts as a

thermal compressor to recycle the hydrogen used to produce the refrigeration. The

present paper concentrated on the 10 K system.

"The sorption beds utilize porous metal hydride compacts. These compacts

consist of a porous, three-dimensional, inert metallic matrix incorporating metal hydride

particles. The compacts offer a stable form of metal hydride that will not comminute

with repeated cycling. This feature is especially important in a space microgravity

environment.

In addition to the porous metal hydride compacts, the bed assemblies comprise a

gas gap thermal switch, a thermal storage unit using a phase change wax, and an inte-

gral space radiator. There are two bed assemblies required for the 10 K cryocooler-a

low-pressure bed assembly weighing 2.0 lb and a high-pressure bed assembly weigh-

ing 8.0 lb.

The peak electrical power requirement is 25.5 w. This power is exclusive of the

SSC requirements.

NOMENCLATURE

J-T Joule-Thomson

MLI Multilayer insulation

P Pressure

PCM Phase change material

PMH Porous metal hydride

R Gas constant

SSC Standard spacecraft cryocooler

T Temperature

TSU Thermal storage unit

A•H Enthalpy change

AS Entropy change

919
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